Regulation of Myoplasmic Ca’’ During Fatigue in Karp Channel
Deficient FDB Muscle Fibres

By

David Selvin

A thesis submitted to the Faculty of Graduate and Post-Doctoral Studies
of the University of Ottawa
in partial fulfillment of the requirements
of the Degree of Masters of Science

Department of Cellular and Molecular Medicine
Faculty of Medicine
University of Ottawa

© David Selvin, Ottawa, Canada, 2013



ABSTRACT

It is known that muscles that lack Karp channel activity generate much greater
unstimulated [Ca®]; and force than normal muscles during fatigue. The increase in
unstimulated force in Katp channel deficient muscles is abolished by a partial inhibition of L-
type Ca®" channels, suggesting that it is due to a Ca®" influx through L-type Ca®" channels
and a subsequent increased myoplasmic Ca’". However, there is also evidence that the
increase in resting force is abolished by NAC, a ROS scavenger. The objective of this study
was to reconcile these observations by studying the hypothesis that “the increase in resting
[Ca2+]i during fatigue in Katp channel deficient muscles starts with an excess Ca®" influx
through L-type Ca®" channels, followed by an excess ROS production that causes a further
increase in resting [Ca®]”. To test the hypothesis, single FDB fibres were fatigued with one
tetanic contraction/sec for 180 sec. Katp channel deficient fibres were obtained 1) by
exposing wild type muscle fibers to glibenclamide, a Katp channel blocker and ii) by using
fibres from Kir6.2”" mice, which are null mice for the Kir6.2 gene that encodes for the
protein forming the channel pore. Verapamil, a L-type Ca®" channel blocker, applied at 1
uM, significantly reduced resting [Ca®']; during fatigue in glibenclamide-exposed wild type
fibres. NAC (1 mM) also reduced resting [Ca*']; in glibenclamide-exposed muscles. The
results suggest that the increase in resting [Ca®™]; during fatigue in Karp channel deficient

FDB fibres is due to an influx through L-type Ca>" channels, and an excess ROS production.
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ABBREVIATIONS

[ATP]; Intracellular adenosine triphosphate concentration
[Ca®"]; Intracellular calcium concentration
[K'; Intracellular potassium concentration
[Na']; Intracellular sodium concentration
ACh Acetylcholine

ADP Adenosine diphosphate

AMP Adenosine monophosphate

AP Action potential

ATP Adenosine triphosphate

Ca”' Calcium ion

Ca, Voltage-gated calcium channel

CIC Chloride channel

CNS Central nervous system

DHPR Dihydropyridine receptor

En Membrane potential

Gy Potassium conductance

Gna Sodium conductance

IMP Inosine monophosphate

K" Potassium ion

Karp Channel  Adenosine triphosphate-sensitive potassium channel
Kir Inward-rectifying potassium channel

+ . .
Na Sodium ion
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NAC
Na,

PCr

ROS
RYR
SR

SRF

N-acetyl cysteine
Voltage-gated sodium channel
Phosphocreatine

Inorganic Phosphate

Reactive oxygen species
Ryanodine receptor
Sarcoplasmic reticulum
Serum response factor
Tropomyosin

Troponin
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CHAPTER 1
INTRODUCTION

Muscle contractions are what make movement possible in animals. During a
contraction, chemical energy is converted into mechanical energy, the result being force or
work. A muscle consists of elongated cellular units know as muscle fibres, each muscle fibre
containing many myofibrils, and each myofibril containing sarcomeres, which are the
contractile unit. As more muscle fibres in a given muscle are recruited and contract
simultaneously, the total force produced by a muscle increases. The energy that powers
muscular activity is in the form of adenosine triphosphate (ATP). Though ATP is finite in
myocytes, muscular activity is highly demanding in terms of energy. During exercise,
utilization of ATP can increase anywhere from 20- to 100- fold, depending on fibre type and
activity intensity (Gibbs, 1987). While muscle fibres have mechanisms to increase ATP
production in response to increased demand, these mechanisms are not always adequate and
cannot be sustained indefinitely. If the gap between ATP demand and supply becomes
significant, deleterious ATP depletion can occur and this can lead to impaired muscle
function and even fibre damage. There are, however, mechanisms in place to prevent this
type of critical ATP depletion.

One such mechanism involves the ATP-sensitive potassium channel (Karp channel)
(Noma, 1983). The Katp channel remains closed when ATP is present and bound, and opens
when ATP is absent (Noma, 1983). Under normal conditions, at rest, intracellular ATP
concentration ([ATP];) levels are elevated and the channel is closed. During periods of heavy
ATP utilization that can lead to conditions of high metabolic stress, a drop in [ATP];leads to

the channel opening, resulting in increased potassium ion (K') conductance (Gg). In this



way, the Karp channel links membrane K" permeability to the energy state of the cell, and
can be said to act as an energy sensor in myocytes. Karp channels are activated during
metabolic stress to limit ATP depletion (Noma, 1983). More importantly, fibre damage
occurs in Karp channel deficient skeletal muscle following periods of activity, such as
running and swimming (Thabet et al., 2005;Kane et al., 2006).

The efflux of K ions that occurs through open Kurp channels as a result of low
[ATP]; levels is an outward current that counteracts the inward current of sodium ions (Na")
during action potential, reducing action potential amplitude (Gong et al., 2003). This leads to
a reduced Ca®" release from the sarcoplasmic reticulum (SR) (Burton & Smith, 1997). This
means a reduced activation of the contractile machinery and myosin ATPase activity, as well
as a reduced load for Ca®’" ATPases that pump Ca’" back into the SR after a muscle
contraction. This results in a reduction in ATP utilization and preservation of [ATP];.

Abolishing Katp channel activity results in abnormal membrane depolarization
exceeding 50 mV in some cases (as opposed to 10-20 mV depolarization under normal
conditions) (Gramolini & Renaud, 1997;Cifelli et al., 2007). The lack of Karp channel
activity also leads to abnormal increases in [Ca’"]; and unstimulated force (Cifelli et al.,
2007). Verapamil, a L-type Ca>" channel blocker, prevents the increase in unstimulated force
in Katp channel deficient muscles and it was suggested that the increase in [Ca%]i was due to
activation of L-type Ca®" channels (Cifelli et al., 2008). Recently the addition of N-acetyl
cysteine (NAC), a known scavenger for reactive oxygen species (ROS), to Kapp deficient
muscle during fatigue, also results in the effect of reducing the increase in unstimulated force
(Boudreault et al., 2010). This opens the possibility that the L-type Ca®" channel is not the

only factor leading to the elevated resting tension observed during fatigue in Karp deficient



muscle. However, it remains to be documented how verapamil and NAC affect myoplasmic
[Ca2+]i during fatigue in Kapp deficient muscle. The objective of this thesis was to test the
hypothesis that "the increase in resting [Ca2+]i during fatigue in Karp channel deficient
muscles starts with an excess Ca’" influx through L-type Ca®" channels, followed by an

excess ROS production that causes a further increase in resting [Ca®]”.

Muscle contraction

Muscles generate force through an excitation-contraction coupling mechanism. At
rest, membrane potential (E,) in a myocyte is about -75 mV (Matar et al., 2000;Lannergren
& Westerblad, 1987). This resting E, is largely maintained by CIC-1 chloride channel, Ktp
channel, and the Kir2.1 inward rectifier channel (Pedersen et al., 2009;Lindinger &
Heigenhauser, 1991;Liu ef al., 2001). Signal generation in the central nervous system (CNS)
propagates in the form of an action potential (AP) through the axon of the a-motorneuron
(Merton, 1954). Next, the AP reaches the neuromuscular junction (Westerblad & Allen,
1991), a specialized synapse between the a-motorneuron terminals and synaptic endplates of
the muscle fibre cell membrane, the latter being rich in ligand sensitive acetylcholine (ACh)
receptors. At this site, ACh is released from the a-motorneuron and binds the ACh receptors
in the muscle fibre membrane, causing a conformational change and the opening of the

receptor pore.

Upon opening of the pore, Na” and K™ pass through the cell membrane. Na driving
force through the Ach receptors is greater than that of K', so the net effect is a localized
depolarization. This localized depolarization activates voltage-sensitive Na" (Nay) channels,

leading to a more intense and rapid influx of Na'. E, reaches about 30 mV at the peak of the



AP (Matar et al., 2000;Lannergren & Westerblad, 1987). This is also when Nay channels
inactivate to cease Na' current, while voltage-sensitive K* channels are activated to permit
K" efflux. This K' efflux has the opposite effect of the Na' influx leading to the
repolarization of the cell membrane back to the resting level. From the neuromuscular
junction, the AP propagates along the cell membrane and into the transverse tubules (t-
tubules), which are invaginations of the cell membrane that run along and are closely
associated with the sarcoplasmic reticulum (SR). Voltage sensitive Ca®" channels Cay;,
also known as L-type Ca®" channels or dihydropyradine receptors (DHPR), are activated
during the AP undergoing a conformational change. In skeletal muscle, these L-type Ca*"
channels allow for a small Ca*" influx, and more importantly, they interact physically with
the SR Ca®" release channels, called ryanodine receptors (RYR). Activation of RYR triggers

a much larger Ca®" release from the SR into the cytosol.

The sarcomere is the contractile unit that produces force in skeletal muscle. It is
comprised of thick filaments containing myosin, one of the contractile proteins, and thin
filaments containing actin, the other contractile protein, as well as troponin (T,), and
tropomyosin (Ty,), two regulatory proteins. Each tropomyosin molecule is associated with
one troponin molecule, the latter composed of three subunits: C, I and T. In the thin
filament, tropomyosin blocks the myosin binding site on actin, 1 T, covering 7 actins. As
[Ca*"]; increases, it binds to troponin C. The Ca”*-T, complex then shifts the tropomyosin
away from the myosin binding site. As myosin binds actin forming a cross-bridge, it
undergoes a power-stroke pulling the thin filament towards the sarcomere’s centre, releasing

ADP and Pi. Binding of ATP to myosin allows the latter to detach from actin. Soon



thereafter, Ca”" is actively transported back into the SR via Ca®" ATPases. When [Ca®'];

decreases and troponin is liberated of Ca”", the muscle relaxes.
Fatigue

Fatigue can be defined as a transient recoverable decline in muscle force and/or
power with repeated or continuous muscle contractions (McKenna et al, 2008). As
producing force is a main function of muscle, a reduced capacity to produce force is often
used to measure the stage of fatigue (Westerblad er al, 1998). Fatigue can be caused
anywhere from signal generation (central nervous system) to the final site of force production
(sarcomere). In one study looking at fatigue, human subjects were asked to voluntarily
contract the abductor pollicis muscle until fatigue was observed (Merton, 1954). There was
no improvement in force production with direct stimulation to the ulnar nerve, suggesting
that fatigue occurred independently of the central nervous system and that the cause of
fatigue was within skeletal muscle fibres themselves (Merton, 1954;Vollestad et al., 1988).
While a potential role for central fatigue remains a controversy (Maclntosh & Fletcher,
2012), there 1s now ample evidence to suggest that the primary mechanisms of fatigue are

intrinsic properties of skeletal muscles.

Energy balance: ‘raison d’étre’ of muscle fatigue

Proper functioning of muscle requires energy to be readily available in the form of
ATP. The largest contributors to the consumption of ATP during muscle activity are (1) the
Na'/K" pump responsible for maintaining the Na"and K™ concentration gradients necessary
for action potential generation (Clausen, 1996); (2) the myosin-ATPase, which converts

chemical energy into mechanical energy; and (3) the Ca®" ATPase responsible for pumping
gy
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Ca®" ions back into the SR following a contraction (Gibbs, 1987). During periods of
contractions, a fibre’s metabolic needs can increase to 100-fold above that of resting levels
(Gibbs, 1987). In any cell, ATP is finite and an increase in muscle activity means that ATP
production needs to increase as well.

ATP is produced in 5 different ways: (1) hydrolysis of phosphocreatine (PCr) to
transfer the high energy phosphate (P;) to adenosine diphosphate (ADP) (Tortora &
Reynolds-Grabowski, 2003):

PCr + ADP & Cr + ATP
(2) glycolysis in which glucose (from extracellular spare and intracellular glycogen) is
converted to pyruvate (Champe et al., 2005); (3) oxidative phosphorylation, which requires
oxygen, uses pyruvate through the Krebs cycle (Champe et al., 2005); (4) fatty acid B-
oxidation producing acetyl CoA which then enters the Krebs cycle; and (5) the ADP
myokinase reaction:
2ADP < ATP + AMP

The production of ATP is kept favoured in this reaction by the deamination of AMP
to IMP. The amount of ATP generated when pyruvate is converted to lactate is only 2 ATP
molecules per glucose whereas the full oxidation of glucose by the Krebs cycle and oxidative
phosphorylation leads to production of 6 ATP through glycolysis and 30 ATP through Krebs
cycle for a total of 36 ATP molecules. Fatty acid f-oxidation leads to the production of 14
ATP molecules per oxidation cycle.

As long as ATP production and utilization are kept in balance, muscular function
continues unhindered. The metabolic pathways used for ATP production depends on

exercise intensity, exercise duration and muscle fibre type being utilized. During sprint-like



exercises, during which a short intense effort is put forth, glycolytic fast-twitch IIB and 11X
fibres are recruited and these fibres use glycolysis as the primary sources of ATP with large
production of lactic acid. Because of the low ATP production, such fibres will rapidly lose
ATP leading to metabolic stress. Low intensity, long duration exercises such as marathon-
type exercises, during which a sustained sub-maximal effort is put forth, oxidative slow-
twitch fibre types I and IIA fibres are recruited, and oxidative phosphorylation the primary
ATP provider. Being more efficient in generating ATP, such exercise can last a long time.
However, there is a point when glycogen stores are depleted to a critical level, and when it is
reached the capacity of a muscle fibre to generate force diminishes (Chin & Allen, 1997).
Thus, whatever type of exercise, eventually the demand for ATP exceeds the capacity for
ATP production and [ATP]; decreases. This results in a metabolic stress, and if ATP
depletion is prolonged or severe, the result can be fibre damage and even cell death. Thus, a
protective mechanism is required to reduce severe ATP depletion. This protective
mechanism involves fatigue, which is now considered a protective mechanism that prevents
large depletion of energy reserve and excessive increase in [Ca*'];, two situations that can

lead to fibre damage and death (McKenna et al., 2008).

Role of metabolites in the decrease in force during fatigue at the sarcomere level

A major consequence of all the metabolic pathways producing ATP is the generation
of end-products that can affect the force generated at the sarcomere level. Together, the
creatine kinase reaction and adenylate kinase reaction combined with the ATP hydrolysis by
various ATPases leads to increases in ADP, AMP, IMP, and P; and decreases in ATP (Allen
& Orchard, 1987). Also, lactate and H' are produced in large amounts in glycolytic fibres

(Cady et al., 1989).



Using skinned fibre preparation, several studies have determined how these
metabolites affect force generation at the level of the sarcomere (Fryer et al., 1995). In most
studies, ATP levels go down by less than 20% and this level of change has no effect on force
generation (Jacobs et al., 1982;Bangsbo et al., 1990). Even larger decreases in ATP up to
80% (Karatzaferi et al., 2001) would not contribute to the decrease in force during fatigue
because when ATP is less than 1 mM, force increases. Similarly, an increase in ADP results
in an increase in force, not a decrease. AMP, IMP, and lactate have no effect on force
generation at the sarcomere level (Jacobs ef al., 1982;Bangsbo et al., 1990;Karatzaferi et al.,
2001). While a decrease in pH to 6.8-6.4 reduces force at low temperature, it does not at
temperatures close to the physiological temperature of 37°C (Westerblad & Allen, 1993Db).
Of all the changes in metabolites, only the increase in P; to 30 mM may be important.

P; accumulation leads to force depression by decreasing the Ca®" sensitivity of the
sarcomere (Blanchard & Solaro, 1984) so that at a given submaximal [Ca®'];, force
generation is less at elevated P; (Debold ef al., 2006). At supra-maximal [Ca*']; that fully
activates the sarcomere, 30 mM P; decreases force by = 20%, which is much lower than the
80% decrease in force during fatigue (Debold ef al., 2006). Consequently, the mechanism of

muscle fatigue is upstream of the force generation at the level of the sarcomere.

Fatigue involves a decrease of Ca*' release by SR

During repetitive tetanic contraction leading to fatigue, tetanic [Ca]; first increases
by 10-40% during a time when force decreases by about 10% (Fig. 1.1A,B). It has been
suggested that the decrease during the first phase (P1) is due to the increase in P;. P1 is then
followed by a stable period (P2) with no change in force output. As the time interval

between contractions decreases during the third period (P3), force decreases drastically and

8



Figure 1.1
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Figure 1.1. Contribution of impaired Ca’" release to muscle fatigue (Westerblad &
Allen, 1993a). A) Force recording of repeated tetani continued until force declined by 40%.
350 ms tetani stimulated at 70 or 100 Hz were initially repeated every 4 sec and the tetanic
interval was gradually reduced every second minute until force had fallen to about 30% of
the original. Force decline was characterized by 3 phases: in P1 force shows a small decline;
during P2 force is stable; in P3 the rate of decline accelerates. B) [Ca®"]; traces for tetani
representative of the 3 phases in A, and with the application of 10 mM caffeine. C: steady-
state [Ca’"]i-tension relationship. (®) represents unfatigued muscle. (O) represents
application of caffeine in unfatigued muscle. [J represents muscle in P3 of fatigue. ([J)

represents final application of caffeine after fatigue.
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this is associated with a decrease in [Ca®']; during contractions. Adding caffeine, a RYR
opener, restores [Ca>']; and force to almost pre-fatigue levels. This suggests that there is
sufficient Ca’" in the SR for full force production, even after fatigue. Furthermore, force is
almost fully restored, and this is further evidence that the capacity of the sarcomere to
produce force is basically unaltered during fatigue as long as [Ca®"]; is supra-maximal. Then
one must ask whether the decrease in [Ca®']; is large enough to be the cause of the force
decrease. According to the pre-fatigue force-Ca”" relationship (Fig. 1.1C), the [Ca®']; during
a tetanus in unfatigued fibres, here named tetanic [Ca®'J;, is high enough to cause maximum
force development. However, the level of tetanic [Ca*']; at the end of the fatigue period is
less than 0.5 pM, a level insufficient to fully activate the sarcomere, resulting in a larger
decrease in force. The decrease in force at submaximal [Ca*']; is then greater as the force-
[Ca®"]; relationship of fatigued fibres is shifted towards greater [Ca®'];, possibly due to an
effect of Pi. This study and others (Allen et al., 2008) have now clearly established that
fatigue is primarily associated with a decrease in Ca’" release by the SR resulting in
submaximal activation of the sarcomere, and less force production.

The next question is what is (are) the cause(s) of the decrease in Ca" release from the
SR. The possibilities include: (1) a reduction in membrane excitability (i.e. the capacity to
generate AP); (2) a decreased response of DHPR to the AP depolarization; (3) a decreased
response of RYR to DHPRs; and (4) P; entering the SR and buffering Ca®", reducing free
Ca”" available for release (Fryer ef al., 1995).

There is currently no published study on the potential role of DHPR and RYR in the
etiology of muscle fatigue. Conversely, there is a large body of evidence suggesting a

decrease in membrane excitability during fatigue. Considering that the objective of this
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study is about Kapp channel effects during fatigue, the remainder of the introduction will

focus briefly on membrane excitability, and then on the Karp channel.

Membrane excitability and fatigue

An action potential results in a Na' influx and an efflux of K". While the Na'/K"
ATPase is responsible for pumping Na' out of and K" into the fibres, change in [Na']; and

[K i occur during muscle activity.

Extracellular [Na'] ([Na'].) does not change significantly due to water influx into
muscle fibres (Lindinger & Heigenhauser, 1991). At rest, [Na']; is 8-14 mM, and can
increase to 10-58 mM with fatigue (Cairns et al., 2003). This increase in [Na']; results in a
2- to 4-fold decrease in the Na' concentration gradient (Nagaoka et al., 1994;Fong et al.,
1986). As the Na' gradient is reduced, action potential amplitude and excitability are also
reduced (Cairns et al., 2003). A two-fold reduction in the Na' gradient has no effect on
force, while a 3-fold reduction has a small effect on force. Most of the time, under
physiological conditions, this point is seldom reached (Cairns et al., 2003). Thus, by itself,

Na" contributes little to the decrease in membrane excitability, and thus force, during fatigue.

During exercise, [K']. increases from 4.5 to 10 mM in conjunction with decreases in
[K']i (Cairns et al, 1995). The direct effect of a reduction in [K'] gradient is a
depolarization of resting E,, from -80 mV to -70 (Lannergren & Westerblad, 1986). As a
consequence of the depolarization, there is an increase in Na, inactivation and a reduction in
AP amplitude (Adrian et al., 1970). A large increase in [K']. reduces membrane excitability
(Bouclin et al., 1995;Nielsen et al., 1998), but the increase in [K']e appears to cause much

smaller decrease in force than what is observed during fatigue. While the Na" and K" effects
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by themselves are not significant, concomitant small decreases in Na” and K’ gradient
synergistically depress membrane excitability and force in a way that can account for half of

the decrease observed during fatigue (Bouclin et al., 1995).

More recent studies have now demonstrated that the K effects may also depend on
the activity of the CI channel (CLC-1) (Pedersen et al., 2005). About 15% of the CLC-1
channels are active at rest. At the onset of exercise, Cl” conductance decreases by 60-70% as
CLC-1 channels close. This prevents the K'-induced force depression (Pedersen et al.,
2003;Ronner et al., 1991). This occurs because during an AP there is an inward Cl current
that works against the Na' influx. At normal [K']. the CI current barely affects the AP
depolarization phase, but due to a decreased Na' conductance it has a greater inhibitory effect
at elevated [K']. (Pedersen et al., 2005). When G¢ decreases, there is less opposition to the
positive Na' influx allowing for greater depolarization during AP at elevated [K'].
Interestingly, when a metabolic stress develops, not only is the Katp channel activated, but so
are the CLC-1 channels up to three times above resting levels (Pedersen et al., 2009). This
then has the reverse effect of the decrease in CI” conductance. It now allows more CI™ influx
further reducing the extent of the depolarizing Na’. By lowering AP amplitude, it decreases
Ca®’ release and force production; i.e. it causes fatigue. The other ion channel that has a
large effect on excitability in muscle that has undergone repetitive stimulation is the Katp

channel.
Katp channel

The Karp channel is a ligand-gated ion channel that links cell metabolism to

excitability in many cell types in the body, including pancreatic 3 cells, brain, heart, skeletal
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and smooth muscle cells (Noma, 1983;Misler et al., 1986;Ashcroft & Kakei, 1989). It
regulates cellular function and activity by causing changes in K' conductance (Gg), in

reaction to variations in [ATP];.

Katp channel molecular structure

The Katp channel is an octomer of four Kir6 subunits that make up the channel pore.
Each Kir6 subunit is associated with one regulatory sulfonylurea receptor (SUR) subunit
(Clement 1V et al., 1997;Inagaki et al., 1997;Shyng & Nichols, 1997). Three-dimensional
reconstruction of a Kurp channel complex suggests a central Kir6.2 tetramer closely
surrounded by four SURI subunits (Mikhailov ef al., 2005) (Fig. 1.2).

The Kir6 subunits are members of the inward K rectifier superfamily (Seino, 1999).
So far, three Kir6.x genes have been cloned and sequenced: Kir6.1, Kir6.2 and Kir6.3 (Fig.
1.2) (Seino, 1999). Each Kir6 subunits is characterised by two transmembrane domain
segments: M1 and M2, forming the pore of the channel (Reimann & Ashcroft, 1999). The
H5 loop is located between M1 and M2 and forms the selectivity filter for K* (Seino, 1999).
The N-terminal of a Kir channel consists of a helix that lies parallel to the membrane surface,
and then extends outwards. The C terminus generates a series of B-sheets that form a
cytoplasmic corridor that acts as an extension to the permeation pathway into the cytoplasm
(Kuo et al., 2003;Tao et al., 2009) (Fig 1.2). The SUR subunit is a member of the ATP-
binding cassette (ABC) transporter protein family, of which there are 49 members in the
human genome including ABCGI involved in cholesterol transport, and ABCC?7, also known
as CFTR (cystic fibrosis transmembrane conductance regulator), which is a chloride channel

implicated in cystic fibrosis (Vasiliou ef al., 2009). To date, two SUR genes have been
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Figure 1.2
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Figure 1.2. Topology of SUR1 and Kir6.2. A) SURI is characterized by 17
transmembrane regions which can be grouped into three major transmembrane domains
(TMDO, TMD1, and TMD2). Two nucleotide-binding domains (NBD1 and NBD2) are
involved in regulation. B) Kir6.2 is characterized by two transmembrane domains (M1 and
M2), connected by the pore-forming HS5 loop. C) Karp channel complex suggests a central

Kir6.2 tetramer closely surrounded by four SUR1 subunits.
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identified: SUR1 and SUR2 (Seino, 1999). This superfamily is characterized by several
transmembrane segments and nucleotide binding folds (NBF) (Dean ef al., 2001). SUR1 has
17 transmembrane regions, which can be grouped into three major transmembrane domains
(1-5 is TMDO, 6-11 is TMDI, and 12-17 is TMD2). TMDO and TMDI1 are connected by a
long cytosolic loop containing the nucleotide-binding domain-1 (NBD1). A second
nucleotide binding domain (NBD?2) is located at the C terminus of TMD2 (Babenko et al.,

1998;Nichols, 2006;Hibino et al., 2010) (Fig. 1.2A).

Regulation of K4rp channel activity

Katp channel opening is inhibited upon ATP binding to the intracellular portion of
the Kir6 subunit (Drain et al., 1998;Shyng et al., 1997). K influx through the channel is
reduced to 50% of full capacity (K;) at [ATP]; of 172 uM (Tanabe et al., 1999). In the
absence of Mg2+, ADP also blocks channel activity (Kakei et al., 1985;Noma, 1983) but with
lower affinity than ATP, with a K; of 500 uM. Each Kir subunit forming the tetrameric pore
can bind one ATP molecule (Antcliff ef al., 2005). In the presence of Mg*", both ATP and
ADP stimulate channel activity through interaction with the SUR subunit (Dunne & Petersen,
1986;Gribble & Ashcroft, 1999); i.e. the regulation of the channel activity by ATP and ADP
is a complex one. The nucleotide-binding domains of the SUR subunits contain the binding
sites for Mg”-ATP, and Mg”"-ADP, stimulating Karp function (Campbell et al., 2004).
Physical interaction between the cytoplasmic NH, terminus of Kir6.2 and the TMDO domain
of SUR has been shown to be important in regulating Kir6.2 gating by SUR (Babenko &
Bryan, 2003).

In pancreatic B-cells the Katp channel activity is largely dependent on the ATP/ADP
ratio as the SUR1/Kir6.2 complex is expressed (Aguilar-Bryan & Bryan, 1999). However, in
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cardiac and skeletal muscle where the SUR2/Kir6.2 is expressed, changes in ATP/ADP ratio
is not large enough to activate the Karp channel. There is evidence, however, that Katp
channel becomes active during fatigue, hypoxia, anoxia, and metabolic inhibitions in both
cardiac and skeletal muscle due to other metabolites that affect K,rp channel activity, mainly
pH, lactate, and adenosine.

It has been shown that Ka1p channel activity increases when the decrease in pH; that
occurs during fatigue is mimicked in unfatigued muscle (Standen et al., 1992;Davies et al.,
1992). Protons act to decrease the channel sensitivity to inhibitory ATP (Cui et al., 2006) as
ATP half-inhibition of the channel activity increases from 17 uM at pH 7.2 to 260 uM at pH
6.3 under patch clamp condition (Davies, 1990). Lactate also activates the channel under
normal ATP concentrations, at least in cardiac muscle, and this effect can be abolished by
blocking Ktp channels with the drug glibenclamide (Keung & Li, 1991).

Finally, adenosine is a metabolite that is released from metabolically challenged
myocytes and stimulates Karp channel activity in ventricular myocytes (Ito et al.,
1994;Kirsch et al., 1990) and skeletal muscle (Barrett-Jolley ef al., 1996). This is achieved
through a G protein signalling cascade. PKC-dependent cardiac preconditioning by
adenosine indicates an important role for adenosine in Kapp channel mediation in vivo,
however it remains unclear whether sarcolemmal or mitochondrial Katp channels are both
immediate targets (Cohen et al., 2008). So, changes in metabolites associated with fatigue
are large enough to activate the Karp channel. More importantly, there is evidence that

metabolic stress such as fatigue or ischemia results in K5rp channel activation.
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Physiological roles of K atp_channel

The Karp channel has three major physiological roles: (1) it is involved in glucose
homeostasis; (2) it plays a role in blood flow regulation; (3) and it plays a myoprotective role
in cardiac and skeletal muscle. In regard to glucose homeostasis, it is involved in the
secretion of insulin and the inhibition of glucagon secretion under hyperglycemic conditions
(Craig et al., 2008). The Karp channel is also involved in glucose sensory neurons at the
level of the hypothalamus, and these neurons regulate feeding behaviour and glucagon
secretion (Miki et al., 2001). Karp channel activity has been shown to affect blood flow.
Knocking out Kir6.1 gene in mice results in high blood pressure. These mice have a harder
time exercising than wild type mice, and intense exercise can even result in death in these
animals. Karp channel is also involved in increasing blood flow in skeletal muscle during
muscular activity (Standen et al., 1989). Most importantly for the objective of this thesis, is

the myoprotective effect of Karp channel.
Myoprotection

There is a large body of evidence to suggest a myoprotective role of Karp channels in
cardiac and skeletal muscle. For both cardiac and skeletal muscles, in the absence of
metabolic stress, there are no functional differences between muscles from wild-type mouse
and those from Kir6.2” mouse, which do not express functional Karp channel (Nichols,
2006;Thabet et al., 2005). The same is not true during a metabolic stress (Zingman et al.,
2002). When Kir6.2” mice are made to run on a treadmill, the result is often death (73%
mortality) due to cardiac arrhythmia associated with the lack of Karp channel activity

Zingman et al., 2002). Kir6.2” mice also demonstrated a faster rate of fatigue during a
g g
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single bout of running, averaging only a distance of 0.9 km of running at 20 m/min,
compared to 2.2 km for wildtype mice at the same speed and 0° incline (Thabet ef al., 2005).
Following a four-week period of daily running at 24 m/min and 20° incline, 25% of EDL
fibres and 12% of plantaris and tibialis fibres from Kir6.2”~ mouse showed signs of fibre
damage and regeneration (Thabet et al., 2005). Ninety-nine percent of fibres showing signs
of damage were type IIB fibres. The same effect was observed in mice lacking SUR2
subunit by means of genetic knockout (Stoller et al., 2009), which also lack functioning Katp
channels. From these studies, it is clear that exercise in Karp deficient animals results in
reduced performance, fibre damage, and even death if animals are exercised vigorously. The
mechanisms for the myoprotection against early onset of fatigue and fibre damage involve a

control of ATP consumption and Ca*" levels for both cardiac and skeletal muscles.

A main role of Katp channels in skeletal muscle is their contribution to the onset of
fatigue. The application of sulfonylureas has little or no effect on cardiac action potential
(Faivre & Findlay, 1989) and contractile function is unaffected in ventricular myocytes from
animals without functional Karp channels due to a genetic knockout (Kir6.2'/'). Katp
channels are in a closed state at rest in skeletal muscles in vitro (Light & French, 1994). In
cardiomyocytes, when cellular metabolism is hindered by mimicking ischemia, the action
potential duration is reduced and there is a reduction in Ca** release and force production as a

result of Katp channel activation (Cole ef al., 1991).

In skeletal muscles, the direct effect of Katp channel opening is a reduction of action
potential amplitude (Gong ef al., 2003). This reduction involves two different processes: (1)
an increase in K~ conductance allowing for an outward K current opposing the inward Na"

current during depolarization (Gong et al., 2003;Matar et al., 2000), and (2) an increase in K"
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efflux during the AP leading to increased [K']., leading to a membrane depolarization and
Na' channel inactivation, further reducing AP amplitude (Balog et al., 1994;Lannergren &

Westerblad, 1986;Renaud & Mainwood, 1985).

The result of reduced AP amplitude is a reduced Ca”" release by the SR causing a
reduction in force production (Renaud, 2002). The reduced Ca”" release is beneficial for two
reasons: (1) less Ca®" needs to be pumped back into the SR via Ca®" ATPase pumps, and (2)
less actin-myosin cross-bridges are established, reducing myosin ATPase activity. The main

result of these factors is a conservation of ATP.

Another important mechanism is the maintenance of the resting membrane potential
by Katp channels. Severe contractile dysfunctions occur during fatigue in the absence of
channel activity. They include large membrane depolarizations, large increases in
unstimulated [Ca*"];, and large force production during fatigue; it also reduces the capacity to
recover force following fatigue possibly due to fiber damage occurring during fatigue
(Gramolini & Renaud, 1997;Matar et al., 2000;Cifelli et al., 2007). It has been shown using
the L-type Ca>" blocker verapamil that excess membrane depolarization in the absence K atp
channels is large enough to increase Ca”" influx through L-type Ca”" channels and can be a
direct cause of fibre damage in cardiac muscle (Zingman et al., 2002;Baczko et al., 2005).
Although Ca”" influx and the accompanying depolarization is not necessary to activate Ca*"
release in skeletal muscle, due to close interaction between L-type Ca®" channel and RYRs, it
was still shown that adding verapamil to Kapp deficient FDB muscle results in a reduction of
the large unstimulated force seen in these muscles during fatigue, as well as a reduced rate of
fatigue (Cifelli et al., 2008). In Cifelli’s 2008 study, however, force was measured but

[Ca’']; was not. From these results, it was suggested that the large increase in unstimulated
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force during fatigue in Katp deficient FDB muscle is due to excess Ca*" influx through L-
type Ca’" channels, due to the increased depolarization during fatigue in the absence of
normal Katp channel activity. This excess [Ca2+] i can lead to fibre damage reference, which
leads to an increased rate of fatigue. One objective of this study was thus to document how
verapamil affects unstimulated and tetanic [Ca2+]i during fatigue in Karp channel deficient

muscle.

NAC also abolishes resting tension in Krp”~ muscle

Excessive rise in [Ca®J; can lead to an increased ROS production in the mitochondria
(Inoue et al., 2003). ROS affects muscle activity by numerous mechanisms, including
increasing the open probability of RYR1 (Anzai et al., 2000), decreasing reuptake by the SR
Ca®" ATPase, and increasing leakiness through the SR Ca*" pumps (Lee & Okabe,
1995;Senisterra et al., 1997). ROS, such as hydrogen peroxide, have also been shown to
stimulate L-type Ca>" channels (Chaplin & Amberg, 2012). All of these factors lead to an
increase in [Ca®"];. ROS can also reduce Ca®" sensitivity of the contractile proteins, and
result in reduced force production in single FDB muscle fibres (Moopanar & Allen,
2005;Gariepy-Boudreault, 2010). The implication here is that ROS is having an effect on
contractility either at the level of [Ca®]; or Ca®" sensitivity. In fact, it has recently been
shown that NAC has a similar reducing effect on unstimulated force during fatigue in Karp
channel deficient muscle (Gariepy-Boudreault, 2010). This suggests the possibility that Ca*"

influx through L-type Ca*" channels is not the only factor at play.
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In the studies on the verapamil and NAC effects, unstimulated and tetanic force was
measured, but not myoplasmic Ca*". It therefore remains to be determined how [Ca®'];

between and during contraction is affected by these compounds.
Objective and hypothesis

The overall objective of this study was to determine the contribution of the L-type
Ca’" channels and ROS to the unstimulated force during fatigue in Katp channel deficient
FDB muscle fibres. The hypothesis is that "the increase in resting [Ca*']; during fatigue in
Karp channel deficient muscles starts with an excess Ca®" influx through L-type Ca®"
channels, followed by an excess ROS production that causes a further increase in resting
[Ca®]i”. To test this hypothesis, two aims were pursued. Aim #1: to demonstrate that
verapamil reduces unstimulated [Ca2+]i during fatigue in Ksrp deficient FDB single fibres,
and results in a slower decrease in tetanic [Ca>']; during fatigue. Aim #2: to demonstrate that
NAC will not prevent an initial rise in [Ca®"]; due to activation of L-type Ca>" channels, but

will partially block the elevated [Ca®"]; that develops later during fatigue.

The experimental approach involved the use of single FDB muscle fibres separated
by trituration following a collagenase digestion. While this approach had been successfully
used by Cifelli et al. (2007) to measure Ca*', problems had then arisen afterward in terms of
adequate fibre viability and stability. Furthermore, no study to date exists documenting the
importance of various factors such as the nature of the culture media during the collagenase
digestion and the composition of the physiological solutions during Ca** measurements.

Therefore, a third aim was added to this study. That is, to document how MEM, DMEM and
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FBS affect the morphology and contractile characteristics of single FDB fibers as well as the

stability of those fibers over long incubation periods.
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CHAPTER 2
METHODS AND MATERIALS

Animals and Kyp channel deficient muscle fibres

Experiments were carried out using single fibres from flexor digitorum brevis (FDB)
muscles from CD-1 (Charles River, Canada) and Kir6.2”" mice (provided by Dr. S Seino,
University of Kobe, Japan). Karp channel deficient muscle fibres were obtained by (1)
exposing fibres from CD-1 mice to glibenclamide, a Katp channel inhibitor (pharmacological
model) and (2) by using Kir6.2” fibres, a genetic model that does not express functional
Kartp channels in skeletal muscle (Zhang ef al., 2002). Mice were two to four months in age
and weighed 20-30 g. Mice were fed ad libitum, and housed according to the guidelines of
the Canadian Council for Animal Care (CCAC). The Animal Care Committee of the
University of Ottawa approved all experimental procedures used in this study. Mice were
anaesthetized with a single intraperitoneal injection of 2.2 mg ketamine, 0.44 mg xylazine
and 0.22 mg acepromazine per 10 g of body mass. Subjects were then sacrificed by cervical

dislocation.
Single fibre preparation

Single fibres were isolated from FDB bundles by a method involving collagenase
digestion. FDB muscles were incubated 3 h at 37°C in culture medium containing 0.2%
(w/v) collagenase type I (Worthington, USA) with or without 10% heat inactivated foetal
bovine serum (FBS, Gibco, Canada), 100 units/ml of penicillin and 100 pg/ml of

streptomycin (Gibco, Canada). Two culture media were tested: i) minimum essential
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medium with Earle’s salt and L-glutamine (MEM, Gibco, Canada) and ii) Dulbecco’s
Modified Eagle Medium High Glucose (DMEM, Gibco Canada). Following incubation,
fibres were separated by gentle trituration in three ml of collagenase-free culture medium.
Aliquots (100 uM) of concentrated fibre-containing medium were then placed on Matrigel
(VWR, Canada) pre-coated 12 mm diameter coverslips (VWR, Canada). Fibres were
incubated another 30 min to allow for fibres to settle on the matrigel and become attached.
Culture medium was then added to cover the entire coverslip with fibres attached and
incubated for at least another 30 min before being used for Ca*" or sarcomere length

measurements.

Experimental setup & solutions

Coverslips containing single FDB fibres were mounted into a 370 pl chamber (model
RC-25, Warner Instruments, USA). The preparations were continuously perfused in
physiological solution with a flow rate of 5 ml/min. Experimental temperature of either 25°C
or 37°C was controlled for by simultaneously heating the plate in which the chamber was
mounted, and pre-heating the physiological solution, using a dual channel heater controller

(model TC-344B, Warner Instruments, USA).

The control physiological solution contained (mM): 118.5 NaCl, 4.7 KCl, 2.4 CaCl,,
3.1 MgCl,, 25 NaHCOs;, 2 NaH,PO4 and 5.5 D-glucose. All solutions were continuously
bubbled with 95% 0O,-5% CO, and had a pH of 7.4. Glibenclamide (10 uM)-containing
solution was obtained by first dissolving glibenclamide in DMSO and adding it to the
physiological solution. Solutions containing N-Acetyl-Cysteine (NAC, 1 mM) or verapamil

(1 uM) were obtained by adding NAC or verapamil directly to the saline solution, as these
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compounds are water soluble. In all experiments DMSO concentration was kept at 0.1%

(V/v).
Fibre stimulation

Fibres were stimulated by field stimulation, generated by two platinum electrodes
running along each side of the chamber containing the fibres. The electrodes were connected
to a Grass S88 stimulator and SIUS isolation unit (Grass Technologies, West Warwich, RI,
USA) which were used to generate 200 ms trains of 0.4 ms pulses; unless indicated, the

stimulation frequency was 120 Hz and voltage 10 V.
[Ca2+]i measurement

Fibres were loaded with fura-2 by incubating fibres 30 min at 37°C in culture medium
containing five uM Fura-2 AM (Molecular Probes, Canada), similar to the protocol described
by Westerblad & Allen (1991). Fura-2 AM contains an ester that makes it membrane-
permeable. Once in the cytosol, the ester group is cleaved by esterase freeing the Fura-2.
The coverslip containing the fibres was then transferred to the experimental chamber. Fura-2
is a ratiometric Ca>" fluorescent indicator. Fura-2 is alternatively excited at wavelengths of
340 and 380 nm, and light emission was measured at 505 nm. As fura-2 binds calcium when
free intracellular calcium increases, light emission when excited at 340 nm increases whereas
for the excitation at 380 nm it decreases. Light excitation and emission were respectively
controlled and measured by an IonOptix dual fluorescent contractility device (USA)
containing the following filters: 340 + 12 nm, 380 + 6 nm and 505 + 6 nm. Data acquisition
was set at 200 Hz; the fluorescence ratio (R) was calculated by dividing the light emitted for

two msec during the excitation of 340 nm (numerator) by the light emitted for two msec
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while the excitation was 380 nm (denominator). To be consistent for all fibres, [Ca*']; was
calculated as previously described using average values for Ryyn and Ryax measured in the
same fibres (Westerblad & Allen, 1991). Briefly, Ryinv was determined by exposing fibres to
10 uM bapta-AM and Ryax using one mM Ca®" and 10 pM ionomycin. The [Ca®]; was
calculated from the 340/380 fluorescence ratio (R) using the following equation:

[Ca®li=Kg* B¢ (R - Rmmn)/(Rmax — R) where Ky at 37°C was 224 nM (Li et al., 2010), Ryn
89 £ 0.7% (n = 7 fibres) of the resting ratio, Ryax 126.1 = 7.5% of the maximum tetanic
ratio, and P the fluorescence at 380 nm excitation of Ca®" free divided by Ca** bound fura-2,
being 3.17 £ 0.72. Two parameters are reported in this study. The first parameter is
unstimulated [Ca®'];, which is defined as the [Ca®]; when fibres are not stimulated. This

term was chosen to be consistent with the term unstimulated force. Unstimulated [Ca®'];

was
determined by averaging the [Ca’’]; during the 100 ms period preceding a contraction.

Tetanic [Ca®]; was defined as the maximum [Ca®']; observed during a tetanic contraction

and determined by averaging the [Ca>"]; during the tetanic plateau phase.
Sarcomere length measurement

A MyoCam-S High-Speed (up to 250 Hz) Contractility Camera (IonOptix) was used
to measure sarcomere length before, and during contractions. Light intensity was analyzed
along the length of the muscle fibre, and this allowed for measuring the decrease in the width
of I-bands, as fibres contracted. From the change in I-band width, sarcomere length was

calculated as described in Fig. 2.1.
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Figure 2.1

Figure 2.1. Sarcomere length was analyzed using a Fourier analysis of the frequencies
of light and dark bands observed longitudinally along the fibre. A) Picture of a fibre
with A and I bands seen as alternating light and dark lines (top). The box shows the selection
on which the analysis is being performed. The light intensity is mapped and displayed as a
black line displaying peaks and dips (bottom). The IonOptix software performs a Fourier
analysis and the result is the detection of the most dominant frequency of alternating light
and dark (red peak). This frequency is converted to a sarcomere length value using a
standard. B) The output generated by the software showing the sarcomere shortening during

a tetanic contraction.
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Experimental protocol

All fibres were allowed to equilibrate and checked for stability during a 15 min
period, during which fibres were stimulated once every 100 s. In experiments employing
drug challenge, this period was extended to a 30 min period, the first 15 min being in control
solution followed by 15 min in drug-containing solution. This equilibration regimen was
followed by a step-wise increase in stimulation frequency covering 10, 30, 40, 50, 60, 70, 80,
100, and 120 Hz, with stimulation once every 100 s. The fibres were then put through a 180
s fatigue protocol, with contractions every second at a frequency of 120 Hz. Finally, the

fibres went through a 15-minute recovery period with stimulation every 100 s.

Statistical analysis

ANOVA was used to determine significant differences. Split plot designs were used
because fibres were tested at all times and frequency levels. ANOVA calculations were
made using the Version 9.0 GLM (General Linear Model) procedures of the Statistical
Analysis Software (SAS Institute Inc., Cary, NC USA). When a main effect or an interaction
was significant, the least square difference (L.S.D.) was used to locate the significant
differences (Steel & Torrie 1980). The word “significant” refers only to a statistical

difference (P<0.05).
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CHAPTER 3
RESULTS

Isolation of viable single fibres

For a study of contractile properties in single fibres using a collagenase digestion to
be valid, a proper protocol needed to be developed for the production of viable, contracting
single FDB fibres. The use of collagenase to isolate single FDB fibres has been performed in
the past, mostly for voltage patch clamp studies and a few contractility studies. For the
former, viability of fibres is not a primary concern as only a patch of membrane is utilized to
study the properties of ion channels. For contractility studies, however, one must get “viable
fibres”. For the purposes of this study, viable fibres are fibres that respond to electrical
stimuli giving rise to a contraction over as long a period of time as observed with single
fibres that are mechanically dissected (Allen et al., 1995). Furthermore, viable fibres are
expected to have good morphology and straight appearance (Fig. 3.1A), with clearly
discernible A and I bands when observed under the microscope (Fig. 3.1B). The goal was to
minimized the occurrence of fibres that appeared damaged and were not straight (Fig. 3.1C)
with A and I bands that were not easily discernible (Fig. 3.1D) or fibres that were super-

contracted (Fig. 3.1E).

Importance of FBS during the collagenase digestion

Minimum Essential Medium (MEM) and Dulbecco’s Modified Eagle Medium

(DMEM) are the two most commonly used culture media employed in studies in which
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Figure 3.1

Figure 3.1. Single fibre appearance after a three hour collagenase digestion. A)
Example of a straight fibre for which B) clear A and I bands are observed. C) Example of a
non-straight fibre with D) membrane folds and non-easily discernible A and I bands. E)

Example of a super-contracted fibre.
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single muscle fibres are isolated by a collagenase treatment. The major differences between
the two being a greater amino acid content in DMEM than in MEM, the presence of glycine,
L-serine, and ferric-nitrate only in DMEM, and 25 mM glucose in DMEM compared to 5.6
mM in MEM (Appendix 1). Whether MEM or DMEM was used as the culture medium for
collagenase digestion, the medium used was supplemented with 10% (v/v) fetal bovine
serum (FBS) as has also been done in previous studies (Cifelli et al., 2007). When 10% FBS
was not added in the collagenase-containing MEM or DMEM, all fibres super-contracted
before the end of the digestion period (Fig. 3.1E). Thus, 10% FBS was present at all times

when MEM or DMEM were used to incubate FDB fibres.

Importance of culture medium and FBS in the physiological solution

Fibre morphology

In physiological solution without FBS under control conditions, a larger proportion
(62%) of unstimulated FDB single fibres had a straight morphology when the collagenase
digestion had been in MEM as opposed to the digestion in DMEM (23%) (Fig. 3.1A, 3.2A).
The addition of 0.2% FBS to the physiological solution had no effect on the number of
straight fibres prepared in MEM, but increased the proportion of straight fibres from 23% to
40% for those prepared in DMEM. After fibres were stimulated to fatigue and allowed to
recover for 15 minutes, the number of fibres with straight morphology was counted again.
For fibres prepared in MEM with no FBS in the physiological solution, a 9% reduction in the
number of straight fibres was observed after fatigue. With DMEM as culture medium with

no FBS in the physiological solution, there was a slight, but non-significant, increase in the
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Figure 3.2. Effects of culture medium and FBS on fibre appearance and contractility.
Single fibres were separated after a 3-hr digestion in 0.2% (w/v) collagenase in either MEM
or DMEM culture media containing 10% (v/v) FBS. During measurements, fibres were
superfused with physiological solution in the presence or absence of 0.2% FBS (v/v). Pre-
fatigue measurements were performed after a 15 min equilibration period. Fatigue was
elicited with one 200 msec long train of 10 V pulses at 120 Hz every sec for three minutes.
Post-fatigue measurements were performed after a 10 min recovery period. Numbers of

fibres are expressed as a percentage of the total number of fibres on cover slip. Vertical bars
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number of straight fibres after fatigue. Adding FBS to the physiological solution resulted in
no difference in the number of straight fibres before and after fatigue, whether they were

incubated in MEM or DMEM.

Fibre contractility

Prior to fatigue and in the absence of FBS in the physiological solution, there were
also a greater proportion of contracting fibres, in fibres prepared in MEM, than in DMEM
(Fig. 3.2B). 55% of the fibres were contracting after isolation in MEM compared to 41% in
DMEM. The addition of 0.2% FBS caused a 5% increase in the number of contracting fibres
incubated in MEM or DMEM. After fatigue, the number of contracting fibres for the MEM
condition and in the absence of 0.2% FBS in the physiological solution was only 35%
compared to 55% prior to fatigue, representing a 20% reduction. A similar situation to that
was observed for the DMEM condition as the number of contracting fibres decreased from
41% to 23%. When 0.2% FBS was present in the physiological solution, the reduction in the
number of contracting fibres with fatigue was abolished, in fibres prepared in either MEM or

DMEM.

Contraction thresholds

The effects of culture medium, presence of 0.2% FBS in the physiological solution,
and fatigue were also analyzed with regard to contraction threshold. Figures 3.3-3.5 came
from the same data in which the number of contracting fibres, expressed as a percentage of
total contracting fibres, is plotted against stimulation strength; each figure emphasizing the
effect of either culture medium (Fig. 3.3), 0.2% FBS in the physiological solution (Fig. 3.4),

or fatigue (Fig. 3.5).
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Figure 3.3. Effect of culture media on the contraction threshold of FDB single fibres.
Single fibres were separated after a 3-hr digestion in 0.2% (w/v) collagenase in either MEM
or DMEM culture media containing 10% (v/v) FBS. During measurements, fibres were
superfused with physiological solution in the presence or absence of 0.2% FBS (v/v). Pre-
fatigue measurements were performed after a 15 min equilibration period. Fatigue was
elicited with one 200 msec long train of 10 V pulses at 120 Hz every sec for three minutes.
Post-fatigue measurements were performed after a 10 min recovery period. Numbers of
fibres are expressed as a percentage of the total number of contracting fibres at 10 V.
Vertical bars represent the S.E. of 124-164 fibres from 5-8 mice.

* Marks a significant difference between MEM and DMEM as culture medium. ANOVA

L.S.D., P <0.05.
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Figure 3.4
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Figure 3.4. Effects of 0.2% FBS in the physiological solution on the contraction
threshold of FDB single fibres. Single fibres were separated after a 3-hr digestion in 0.2%
(w/v) collagenase in either MEM or DMEM culture media containing 10% (v/v) FBS.
During measurements, fibres were superfused with physiological solution in the presence or
absence of 0.2% FBS (v/v). Pre-fatigue measurements were performed after a 15 min
equilibration period. Fatigue was elicited with one 200 msec long train of 10 V pulses at 120
Hz every sec for three minutes. Post-fatigue measurements were performed after a 10 min
recovery period. Numbers of fibres are expressed as a percentage of the total number of

contracting fibres at 10 V. Vertical bars represent the S.E. of 124-164 fibres from 5-8 mice.

§ Marks a significant difference between fibres superfused in physiological solution in the

presence of absence of 0.2% (w/v) FBS. ANOVA L.S.D., P <0.05.
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Figure 3.5
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Figure 3.5. Effects of fatigue on contractility of FDB single fibres. Single fibres were
separated after a 3-hr digestion in 0.2% (w/v) collagenase in either MEM or DMEM culture
media containing 10% (v/v) FBS. During measurements, fibres were superfused with
physiological solution in the presence or absence of 0.2% FBS (v/v). Pre-fatigue
measurements were performed after a 15 min equilibration period. Fatigue was elicited with
one 200 msec long train of 10 V pulses at 120 Hz every sec for three minutes. Post-fatigue
measurements were performed after a 10 min recovery period. Numbers of fibres are
expressed as a percentage of the total number of contracting fibres at 10 V. Vertical bars

represent the S.E. of 124-164 fibres from 5-8 mice.

§ Marks a significant difference between the number of fibres contracting before or after

fatigue was elicited. ANOVA L.S.D., P <0.05.

36



When fibres were prepared in MEM and transferred to microscope chamber and
superfused with physiological solution without FBS, the minimum voltage that resulted in
fibres contracting was 4 V, and these fibres represented 7% of all contracting fibres at 10 V
(Fig. 3.3A). Half of the fibres were contracting at stimulation strength of 6V. The
relationship between the number of contracting fibres and stimulation strength for fibres
prepared in DMEM was similar to that of fibres prepared in MEM. However, when 0.2%
FBS was present in the physiological solution, FDB fibres prepared in MEM had lower
thresholds than those prepared in DMEM (Fig. 3.3B). Following fatigue and recovery, fibres
prepared in MEM had lower threshold than those in DMEM, with significant differences

when 0.2% FBS was present (Fig. 3.3C, 3.5D).

For unfatigued fibres, the presence of 0.2% FBS in the physiological solution had no
effect on contraction threshold for fibres prepared in MEM (Fig. 3.4A). Interestingly, the
addition of 0.2% FBS to the physiological solution significantly increased the threshold for
fibres prepared in DMEM (Fig. 3.4B). Following fatigue and recovery, thresholds were
significantly lower in the presence of 0.2% FBS than they were in the absence of 0.2% FBS

(Fig. 3.4C, 3.5D).

Fatigue is a reversible process, and consequently contraction threshold should be the
same before and after fatigue once fibres have recovered. In the absence of FBS in the
physiological solution, threshold values were significantly higher after fatigue for fibres
prepared in MEM or DMEM (Fig. 3.5A, 3.5B). The presence of 0.2% FBS reduced this

fatigue effect in both preparations (Fig. 3.5C, 3.5D).
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From these results, it is clear that a collagenase digestion in MEM resulted in fibres
with better morphology and contractile properties. The presence of 0.2% FBS in the
physiological solution during experiments also improved fibre morphology and contractility,
especially after fatigue is elicited. So, for the remainder of the study, fibre isolation (i.e.
collagenase digestion) was performed using MEM culture medium containing 10% FBS, and
all contractile measurements were performed with physiological solution containing 0.2%

FBS.

Stability of fibre preparation

Effect of changing temperature

While fibres were kept in an incubator at 37°C until studied, their transfer to a
cover slip and holding chamber always brought the temperature to approximately 22°C.
Consequently, before any measurements could be performed the temperature had to be raised
back to 37°C. During initial attempts to raise temperature to 37°C, it was noted that setting
the experimental temperature on the heating apparatus to 37°C resulted in a temperature
increase from 22-37°C in just 2-3 minutes. This rapid heating rate had a negative effect on
contraction threshold of fibres, causing a shift of the threshold curve towards higher voltages,
as temperature was raised to 37°C (Fig. 3.6A). When a more gradual approach to heating the
fibres was taken, i.e. at a rate of 2°C every 100 s, the shift in threshold was no longer
observed (Fig. 3.6B). It should also be noted that by the time these experiments were

performed, more fibres were contracting, i.e. 78% compared to 59% in earlier experiments.
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Figure 3.6
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Figure 3.6. A rapid increase in experimental temperature from 25°C to 37°C was
detrimental to FDB single fibres. Single fibres were separated after a 3-hr digestion in
0.2% (w/v) collagenase in MEM culture medium containing 10% (v/v) FBS. During
measurements, fibres were superfused with physiological solution in the presence of 0.2%
FBS (v/v). Numbers of fibres at different stimulus strengths are expressed as a percentage of
the total number of contracting fibres at 10 V. The first measurement was at 25°C after a 15
min equilibration period. Temperature was increased from 25° to 37°C rapidly within 2 min
(A) or gradually at a rate of 2° every 100 sec (B), and measurements were repeated.
Stimulation consisted of 200 ms train of pulses at 120 Hz. Vertical bars represent the S.E. of
290-312 fibres from 3 mice.

* Marks a significant difference in the percentage of contracting fibres between 25°C and

37°C. ANOVA L.S.D., P <0.05.
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Stability over time

The next factor to be studied was the window of time during which an experiment can
run without the loss of fibre viability. In a previous study (Cifelli et al., 2007), fibres had
been used for an experiment the day after they had been prepared. In this study, when fibres
were tested the day they were prepared (day 0), the number of contracting fibres at 25°C was
80% and did not change after the temperature was raised from 25° to 37°C (Fig. 3.7A).
Furthermore, fibres remained stable for up to 3 hours; i.e., with no loss in contractility.
When fibres were tested the day after they were prepared (day 1), there was a loss in the
proportion of contracting fibres immediately following the increase in temperature from 25-
37°C, from 80% to 71% (Fig. 3.7B). Moreover, a continual loss of contracting fibres was
observed over time. There was also no change in fibre contraction threshold as a result of
heating from 25-37°C, or over the three-hour period at 37°C (Fig. 3.8A). There were,
however, significant shifts towards higher voltage thresholds for fibres studied 1 day after
preparation (Fig. 3.8B). These results suggest that although there are still contracting fibres
on day 1, the fibre preparation is not as reliable as it is on day 0. For consistent results, and

for the remainder of this study, all fibres were used the day they were prepared.

Sarcomere shortening

Shortening-frequency curve

The higher the frequency of stimulation, the more force a muscle can produce. Since
there is no tendon left after a collagenase digestion, it was not possible to measure force in

this study. Instead, the shortening-frequency relationship was measured and we tested
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Figure 3.7
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Figure 3.7. FDB single fibres are stable for 3 hours when tested the day of the
preparation. Single fibres were separated after a 3-hr digestion in 0.2% (w/v) collagenase in
MEM or culture medium containing 10% (v/v) FBS. Fibres were tested immediately
following the 3-hr incubation (A) or were left incubating overnight (=24 hours) and then
tested (B). During measurements, fibres were superfused with physiological solution
containing 0.2% FBS (v/v). Numbers of contracting fibres are expressed as the total number
of contracting fibres. They were first determined at 25°C after a 15 min equilibration period,
immediately after reaching 37°C, and every hour thereafter. Fibres were stimulated every
100 sec throughout the 3 hour experimental period with 200 ms train of 10 V pulses at 120
Hz. Vertical bars represent the S.E. of 251-265 fibres from 7 mice.

* Marks a significant difference between day 0 and 1 in the number of contracting fibres.

§ Marks a significant difference in the number of contracting fibres when compared to the

data at 25°C. ANOVA L.S.D., P <0.05.
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Figure 3.8. Contractility of FDB single fibres was stable for 3 hours when tested the day
of the preparation. Single fibres were separated after a 3-hr digestion in 0.2% (w/v)
collagenase in MEM culture medium containing 10% (v/v) FBS. Fibres were tested A) the
day they were separated or B) after 24 hours of incubation at 37°C in MEM. During
measurements, fibres were superfused with physiological solution containing 0.2% FBS
(v/v). Number of contracting fibres is expressed as a percent of total number of contracting
fibres at 10 V. They were first determined at 25°C after a 15 min equilibration period,
immediately after reaching 37°C, and every hour thereafter. Fibres were stimulated every
100 sec throughout the 3 hour experimental period with 200 ms train of 10 V pulses at 120
Hz. Vertical bars represent the S.E. of 251-265 fibres from 7 mice.

* Marks a significant difference in the number of contracting fibres when compared to the

data at 25°C. ANOVA L.S.D., P <0.05.
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whether the curve is shifted toward higher frequency as temperature is increased, as is

observed for force.

Figure 3.9 shows sarcomere shortening in single fibres elicited at different
frequencies. At 25°C, the 10 Hz stimulation resulted in small unfused twitches (Fig. 3.9A).
As the frequency of stimulation was increased, the extent of shortening increased. The same
situation was observed at 37°C (Fig. 3.9B). At 37°C, twitches at 10 Hz were sharper with
more discreet peaks than at 25°C. Fusion of twitch contractions at 30-50 Hz was also less
evident at 37°C than at 25°C (Fig. 3.9C). From 10-80 Hz, shortenings at 25°C were

significantly greater than at 37°C. At 100 Hz, shortening was the same at 25°C or 37°C.

Sarcomere shortening during fatigue

Changes in resting sarcomere length and shortening capacity during fatigue were
measured in FDB single fibres. Prior to fatigue, resting length was 1.88 um. During the first
tetanic contraction elicited by a 200 ms pulse at 100 Hz, the sarcomere length was observed
to decrease to 1.37 pum, representing a shortening of 0.50 um. Throughout the fatigue
protocol, resting length diminished from 1.88 um to 1.72 um as repetitive contractions were
elicited. Contracted length due to stimulation decreased initially from 1.37 um to 1.29 um by
time t = 60s, before increasing to 1.55 um at the end of the fatigue simulation at time t = 180s
(Fig. 3.10). These contracted lengths throughout fatigue translate to a decreased shortening
as fatigue progresses, going from an initial shortening of 0.50 um as a result of the first
contraction, to 0.17 um at 180 s. After a 10-minute recovery period, there was a recovery of

99% in resting sarcomere length back to pre-fatigue levels, only a 4% increase in length at
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Figure 3.9
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Figure 3.9. Effect of increasing temperature on the sarcomere shortening-stimulation
frequency relationship. When the experimental temperature was increased from 25° to
37°C, the relationship was shifted to higher frequencies. Stimulation strength was 10 V.
Examples of sarcomere shortening traces at various frequencies at 25°C (A) and at 37°C (B).
C) Shortening-frequency relationship. Vertical bars represent the S.E. for 42-102 fibres from
5-8 mice.

* Marks a significant difference between 25°C and 37°C for a given frequency of

stimulation. ANOVA L.S.D., P <0.05.
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the peak of contraction, and a recovery of 86% in total shortening capacity (difference

between resting sarcomere length and contracted sarcomere length).
Final protocol for isolation of viable single fibres

The experiments performed resulted in a working protocol to yield an increased
number of viable contracting fibres. This represents an advance over current methodology.
The final protocol involves a 3 hour collagenase digestion of FDB muscles in MEM culture
medium containing 10% FBS. The fibres are then placed on glass coverslips covered with a
thin coat of Matrigel™. After mounting the coverslip into a chamber, single FDB fibres are
superfused with physiological solution containing 0.2% FBS. Under these conditions, fibres

are stable for at least 3 hours when tested on the day of dissociation.
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Figure 3.10
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Figure 3.10. FDB single fibres recovered shortening-capacity within 10 min after a
fatigue stimulation. Single fibres were separated after a 3-hr digestion in 0.2% (w/v)
collagenase in MEM culture medium containing 10% (v/v) FBS. During measurements,
fibres were superfused with physiological solution containing 0.2% FBS (v/v). Fatigue was
elicited with one 200 ms tetanic contraction every second for 180 s. For the fatigue period,
changdes in sarcomere lengths are shown every 30 sec. Sarcomere lengths were also
measured after a 10 min recovery period during which fibres were stimulated once every 100
S. Shortening length is the difference between resting length and contracted length.

Vertical bars represent S.E. of 6-10 fibres from 4-6 mice.

§ Marks a significant difference between the sarcomere length at any given time and

sarcomere length at rest (time t=0s). ANOVA L.S.D., P <0.05.
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Effects of verapamil and NAC on fatigue kinetics in K,1p channel deficient

FDB fibres

The main goal of this study was to determine the nature of the elevated unstimulated
[Ca®]; observed in Karp channel deficient FDB fibres undergoing a fatigue protocol.
Indirect evidence had been obtained in which a small dose of verapamil prevented the large
increase in unstimulated force during fatigue, suggesting that it is linked to an elevated Ca*"
influx through L-type Ca®" channels (Cifelli ef al., 2008). It has been recently shown, using
ROS scavengers, that ROS may also play a role in this elevated unstimulated force, perhaps
by affecting [Ca®']; (Gariepy-Boudreault, 2010). Therefore, it was proposed to determine
how a partial blockage of L-type Ca®" channels by verapamil and how NAC, a ROS

scavenger, affect [Ca2+]i during fatigue in Ka1p channel deficient fibres.

Two models for Ktp channel deficiency were used: (1) glibenclamide was used as a
pharmacological approach to block Karp channel activity in wild type fibres, and (2)
knockout mice for the Kir6.2 gene were used because these FDB fibres do not express
functional Katp channels. Myoplasmic Ca®" was measured using Fura-2, a fluorescent
indicator. While changes in sarcomere shortening during fatigue were shown in Figure 3.10,
this measurement was very difficult because any slight displacements of the fibre during
repeated contractions and fatigue caused loss of focus. These displacements made the
Fourier analysis impossible for many fibres. To avoid eliminating many fibres, and to

maintain a large enough fibre population, only [Ca®']; was measured for this study.
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Unstimulated [Ca2+]i

Unstimulated [Ca”]; is the [Ca®"]; that is measured 100 msec before a contraction is
elicited. In this section, unstimulated [Ca®']; is first examined as an average of all fibres
tested in a particular group, so as to be able to compare with previous results in whole

muscle.

Prior to fatigue, mean unstimulated [Ca®"}; in wild type control fibres was 20.2 nM
(Fig. 3.11A). During fatigue, unstimulated [Ca®"]; gradually increased to 137.6 nM by 85 s,
and slightly declined thereafter reaching a value of 102.5 nM by 180 s, still above pre-fatigue

levels.

For wild type fibres exposed to 10 uM glibenclamide, unstimulated [Ca*']; increased
sharply within 10 sec from 38.1 nM to 175.2 nM at 10 s. It then continued to increase at a
slower rate, reaching 234 nM at 65 s, before decreasing to 96.3 nM by the end of fatigue.
The unstimulated [Ca*"]; was much higher for glibenclamide-exposed wild type fibres, than it

was for wild type control fibres.

A similar sharp increase in unstimulated [Ca®']; was not observed in the other model
of Karp channel deficiency. For Kir6.2™" fibres, unstimulated [Ca2+]i increased even more
slowly than it did in wild type control, from 14.2 nM to 122.5 nM in 95 sec. Thereafter, the

unstimulated [Ca*" ; was similar to that of wild type control.
Yp

The changes in unstimulated [Ca®']; were the same for fibres that were concomitantly
exposed to glibenclamide and either verapamil or NAC. Furthermore, the increases were

significantly less than those fibres exposed only to glibenclamide (Fig. 3.11B).
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Figure 3.11
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Figure 3.11. Effects of verapamil or NAC on the unstimulated [Ca**]; observed during
fatigue in glibenclamide-exposed FDB single fibres. Fatigue was elicited with one 200 ms
long tetanic contraction (100 Hz) every sec for 3 min. A) Effect of no Karp channel on
unstimulated [Ca2+]i. B) Effect of verapamil and NAC on unstimulated [Ca2+]i in
glibenclamide-exposed fibres. C-G) Maximum unstimulated [Ca®"]; for each individual fibre
that was measured during the fatigue period. The fibre order are from the most (top
horizontal bar) to the least (bottom horizontal bar) fatigue resistant as determined from the
decrease in tetanic [Ca2+]i as shown in Figures 3-13 to 3.17 for each experimental conditions.
§ Marks a significant difference from time 0.

* Marks a significant difference from wild type control fibres.

 Maks 5 significant difference from glibenclamide-exposed wild type fibres. Vertical bars
represent S.E. of 11-18 fibres from 4-6 mice. ANOVA L.S.D., P <0.05.
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FDB expressed myosin I, IIA, and IIX isoforms giving Fibre Content

: : . . Type
rise to the fibre types listed in Table 3.1. In general, fatigue I 7
I-1TA 6%
resistance is in the order of I ~ IIA > IIX (Larsson ef al., 1991). I-11X 8%
ITA 19%
It was therefore not surprising to observe large differences in | A-IIX 32%
10,4 21%
. . . . . [-ITA-ITX 9%
fatigue kinetics between fibres. Here, differences in Othor %

Table 3.1: Fibre Type
Composition of FDB

. . . Muscle (Reproduced
tetanic [Ca”"]; will be examined. from Banas, 2011).

unstimulated [Ca”']; between fibres was examined, and later

Thirteen of 18 wild type control fibres had maximum unstimulated [Ca*']; levels of
120 nM or higher, while only two fibres reached unstimulated [Ca*']; levels 240 nM (Fig.
3.11C). All 18 glibenclamide-exposed wild type fibres reached unstimulated [Ca®"; levels of
120 nM or higher, while 11 out of 18 surpassed unstimulated [Ca%]i levels 240 nM (Fig.
3.11D). Seven of 11 Kir6.2™ fibres had unstimulated [Ca®"]; increase to 120 nM or above,
with none reaching 240 nM (Fig. 3.11E). For fibres exposed to glibenclamide and verapamil,
only two of 12 fibres reached unstimulated [Ca®"]; levels of 120 nM with none reaching 240
nM (Fig. 3.11F). For the NAC and glibenclamide condition, five of 12 fibres reached
unstimulated [Ca>']; of 120 nM and of these fibres, only two reached 240nM (Fig. 3.11G).
Unstimulated [Ca®]; does not seem to be related to variability in fatigue resistance between

individual single FDB fibres.

Tetanic [Ca™'];

Before fatigue (1% contraction in Fig. 3.12A), mean tetanic [Ca®'];, which was the
average of [Ca®"]; values measured at peak of contraction, within wild type control fibres,

was 1.2 uM. During the fatigue stimulation, tetanic [Ca®"]; first increased to
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Figure 3.12
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Figure 3.12. Effects of no Katp channel activity, verapamil and NAC on tetanic [Caz+]i.
Fatigue was elicited with one 200 ms long tetanic contraction (100 Hz) every sec for 3 min.
Resting [Ca’"]i was measured between contractions while tetanic [Ca®']i was measured
during the plateau phase when fibres were elicited to contract. Insets show the effects of
glibenclamide (G), verapamil (V), and NAC (N) on [Ca®]; prior to fatigue. Adding
glibenclamide, verapamil, or NAC to control fibres (C) had little to no effect on [Ca®]; prior
to fatigue.

§ Marks a significant difference from time 0.

* Marks a significant difference from control.

 Marks

a significant difference from glibenclamide-exposed wild type control.

Vertical bars represent S.E. of 11-18 fibres from 4-6 mice. ANOVA L.S.D., P <0.05.
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1.64 uM by 15 s, then decreased gradually to 0.81 pM at 170 s finishing with a tetanic [Ca®'];
value of 0.91 uM at 180 s. Initial mean tetanic [Ca>']; values for unfatigued glibenclamide-
exposed fibres were the same as those of wild type control fibres (Fig. 3.12B), but increased
more during the first 10 sec reaching 1.98 uM compared to 1.64 uM for control. The
subsequent decrease was then greater for glibenclamide-exposed fibres becoming
significantly different by 100 sec, reaching a minimum tetanic [Ca>']; value of 0.36 pM

compared to 0.73 uM for wild type control fibres.

Compared to wild type control and glibenclamide-exposed wild type fibres, mean
tetanic [Ca®]; values for Kir6.2”" fibres were not significantly higher with an average value
of 1.32 uM (Fig. 3.12C). Tetanic [Ca®']; rapidly increased to 1.85 pM by 10 s, then
decreased to 0.60 uM (end of fatigue). The decrease in tetanic [Ca®]; for wild type control,
wild type fibres exposed to glibenclamide, and Kir6.2™" fibres with fatigue were 45%, 80%,

and 68 % respectively.

Verapamil barely altered the kinetics of the tetanic [Ca®]; changes during fatigue.
The 69% decrease in tetanic [Ca*"]; observed in fibres exposed to both glibenclamide and
verapamil was larger than the decrease observed in wild type control fibres but smaller than
the decrease observed in fibres that were exposed to glibenclamide alone (Fig. 3.12D). NAC,
on the other hand, had a pronounced effect on tetanic [Ca®"]; (Fig. 3.12E). With the addition
of NAC to glibenclamide-exposed fibres, the initial increase in tetanic [Ca®'];, observed
under all other conditions, was abolished. Also, the decrease in tetanic [Ca®']; that occurred
during fatigue was linear, whereas the decrease observed under other conditions was

exponential.
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Differences in fatigue kinetics between fibres

Wild type control FDB fibres

Of the 18 fibres tested, six had higher tetanic [Ca>']; at the end than at the beginning
of the fatigue period. Two fibres had decreases that were less than 10% (3.13A). These
eight fatigue resistant fibres made up group Cl. Averaging tetanic [Ca®']; for these eight
fibres showed a starting tetanic [Ca®]; of 1.19 pM, and a final tetanic [Ca®"]; of 1.41 uM

(18% increase).

The second and third wild type control groups, C2 and C3, were characterized by
significant decreases in tetanic [Ca®']; (Fig. 3.13C,D). Group C3 consisted of the five least
fatigue resistant fibres, and the decline in tetanic [Ca®']; was greatest in this group and
became significant before 60 s reaching a minimum mean tetanic [Ca®"]; value of only 0.23
uM at 160 s. Group C2 was made up of the five fibres that demonstrated intermediate
decreases in tetanic [Ca®'];, reaching plateau at a value of 0.70 uM after 90 sec. This is also

the time when the decrease became significant in this group.

Wild type FDB fibres exposed to 10 uM glibenclamide

There were also FDB fibres exposed to 10 uM glibenclamide (G1) for which mean
tetanic [Ca2+]i, at the end of fatigue, was either higher (two fibres) or less than (two fibres)
15% lower than pre-fatigue levels (Fig. 3.14B). For group G1, the initial mean tetanic [Ca®"];
was 1.12 uM, and the final tetanic [Ca®"); after fatigue was 1.19 uM (6% increase with

fatigue). For all 14 other fibres, the decreases in tetanic [Ca®']; were very large. Three

distinct patterns were observed. For some fibres grouped together as G2
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Figure 3.13
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Figure 3.13. Fatigue kinetics of individual wild type FDB single fibres in control
conditions. Fatigue was elicited with one 200 ms long tetanic contraction (100 Hz) every
sec for 3 min. A) Magnitudes of the changes in tetanic [Ca”"]; for individual wild type control
fibres calculated as the difference in tetanic [Ca*']i between time 0 and 180 sec. B) Group C1
consisted of fibres that had higher or less than a 10% decrease in tetanic [Ca’']; during
fatigue (top 8 fibres in A). C) Group C2 consisted of fibres that had intermediate decreases in
tetanic [Ca*"]; (middle 5 fibres in A). D) Group C3 consisted of fibres that had in the largest
decrease in tetanic [Ca®"]; (bottom 5 fibres in A).

§ Marks a significant difference from time 0. ANOVA L.S.D., P <0.05.
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Figure 3.14
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Figure 3.14. Fatigue Kkinetics of individual wild type FDB single fibres exposed to
glibenclamide. Fatigue was elicited with one 200 ms long tetanic contraction (100 Hz)
every sec for 3 min. A) Magnitudes of changes in tetanic [Ca’']; for individual
glibenclamide-exposed wild type fibres. B) Group C1 consisted of fibres that had higher or
less than a 15% decrease in tetanic [Ca”']; during fatigue (top 4 fibres in A). C) Group C2
consisted of fibres that had intermediate decreases in tetanic [Ca®']; (middle 5 fibres in A). D)
Group C3 consisted of fibres that had in the largest decrease in tetanic [Ca®'];and a sudden
and complete loss of contractility between 70 and 100 sec (5 of the bottom 9 fibres in A; the
other 4 fibres also had a sudden and complete loss in contractility but after 120 sec, data not
shown).

§ Marks a significant difference from time 0. ANOVA L.S.D., P <0.05.
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(middle five fibres), a large gradual decline in tetanic [Ca®']; occurred beginning at 30 sec
through the end of fatigue (Fig. 3.14C). For the most fatigable fibres, some had a sudden and
complete loss of contraction between 70 sec and 100 sec (group C3 = five fibres) as shown in
Fig 3.14D. For the remaining four fibres, the sudden and complete loss of contractility

occurred later (between 120 sec and 150 sec, data not shown).

Kir6.2”" FDB fibres

For Kir6.2"" fibres, only one of 11 fibres had more tetanic [Ca®"]; at the end than at
the beginning of the fatigue period (Fig. 3.15A). For the four most fatigue resistant fibres,
group K1, starting tetanic [Ca®]; was 1.09 puM, and the final tetanic [Ca®"; after fatigue was
0.80 uM (mean 27% decrease with fatigue).

The second and third groups of Kir6.2” (K1 and K2) had larger and significant
decreases in tetanic [Ca2+]i (Fig. 3.15C,D). Before fatigue, K2 had an initial mean tetanic
[Ca®"]; value of 1.34 uM compared to 1.61 uM for K3. After the initial increase in [Ca®]ito
2.06 uM for K2, tetanic [Ca”"]; remained constant for 20 sec before dropping significantly.
For K3, there was no plateau. At the end of fatigue tetanic [Ca*']; for K2 and K3 were

respectively 0.59 uM and 0.41 uM.

Wild type FDB fibres exposed to 10 uM glibenclamide and 1 uM verapamil

All FDB single fibres that were exposed to both glibenclamide and verapamil
contracted successfully through the entire fatigue protocol. However, when the decrease in
tetanic [Ca*']; for each fibre was plotted, the differences in [Ca®']; from the most fatigue

resistant to the most fatigable fibres was a spectrum. Looking at individual traces
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Figure 3.15. Fatigue kinetics of individual Kir6.2” FDB single fibres under control
conditions. Fatigue was elicited with one 200 ms long tetanic contraction (100 Hz) every
sec for 3 min. A) Magnitudes of changes in tetanic [Ca®"]; for individual Kir6.2™" fibres. B)
Group K1 consisted of fibres that had no decrease or the smallest decrease in tetanic [Ca®'];
(top 4 fibres in A). C) Group K2 consisted of fibres that had intermediate decreases in tetanic
[Ca®']; (middle 4 fibres in A). D) Group K3 consisted of fibres that had the largest decrease
in tetanic [Ca>"]; (bottom 3 fibres in A).

§ Marks a significant difference from time 0. ANOVA L.S.D., P <0.05.
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demonstrated that for 3 fibres the decrease in tetanic [Ca®']; was gradual and continuous from
30-180 sec (Fig. 3.16B) whereas for the other nine there was a very large decrease between

10-50 sec (Fig. 3.16C).

Wild type FDB fibres exposed to 10 uM glibenclamide and 1 mM NAC

As observed with verapamil, the decrease in tetanic [Ca®"]; for different fibres made
up a spectrum. Figure 3.17B shows [Ca®"]; for the first four fibres, whereas Figure 3.17C
shows [Ca”"]; for the other seven fibres. The first group of fibres, N1, was characterized by
very small and gradual decreases in tetanic [Ca’"];, whereas the other fibres exposed to both
glibenclamide and NAC (group N2) did not experience steep reductions in tetanic [Ca®']..

. . 2+
Decreases in tetanic [Ca™ ]; were much more gradual.
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Figure 3.16
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Figure 3.16. Fatigue kinetics of individual wild type FDB single fibres exposed to
glibenclamide and verapamil. Fatigue was elicited with one 200 ms long tetanic

2+]i for

contraction (100 Hz) every sec for 3 min. A) Magnitudes of changes in tetanic [Ca
individual glibenclamide- and verapamil-exposed wild type fibres. B) Group V1 consisted of
fibres that had the smallest and slowest decrease in tetanic [Ca*']; (top 3 fibres in A). C)
Group K2 consisted of the remaining fibres that had faster decreases in tetanic [Ca®];
(bottom 9 fibres in A). This approach was used because the differences between fibers were

more gradual compared to the control and glibenclamide conditions. For this reason,

statistical differences were not calculated.
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Figure 3.17
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Figure 3.17. Fatigue Kkinetics of individual wild type FDB single fibres exposed to
glibenclamide and NAC. Fatigue was elicited with one 200 ms long tetanic contraction
(100 Hz) every sec for 3 min. A) Magnitudes of changes in tetanic [Ca®]; for individual
glibenclamide- and NAC-exposed wild type fibres. B) Group N1 consisted of fibres that had
little changes in tetanic [Ca®"]; (top 4 fibres in A). C) Group N2 consisted of fibres that had
larger loss in tetanic [Ca*']; (bottom 7 fibres). As explained in Fig. 3.16, no statistical

analyses were carried out for these data.
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CHAPTER 4
DISCUSSION

The major findings of this study were: (1) a collagenase digestion in MEM yielded
fibres with better morphology (straight fibre appearance with clearly visible A and I bands)
and better contractility (lower contraction threshold before and after fatigue, more fibres
contracting); (2) the absence of FBS in the culture medium during the collagenase digestion
resulted in most fibres being damaged or supercontracted; (3) the addition 0.2% FBS (v/v) to
the superfusing physiological solution during experiments significantly improved fibre
morphology and contractility; (4) a rapid increase in temperature from 25°C to 37°C had
adverse effects on contractility. A gradual increase caused no such effects; (5) when single
FDB fibres were isolated using collagenase in MEM with 10% FBS (v/v) and tested in
physiological solution with 0.2% FBS (v/v) on the day of dissociation, they maintained stable
morphology and contractility for at least three hours; (6) contrary to a previous study,
differences in unstimulated and tetanic [Ca”']; kinetics during fatigue were observed when
comparing glibenclamide-exposed wild type fibres and Kir6.2™ fibres; (7) verapamil reduced
the elevated unstimulated and tetanic [Ca*']; in glibenclamide-exposed FDB muscle fibres

during fatigue; (8) NAC had similar effects to those of verapamil.
Single FDB fibres as a muscle preparation to study fatigue

Importance of MEM, DMEM and FBS

Mechanical dissection of single fibres is a common method for the study of muscle

fatigue in terms of myoplasmic [Ca®']; and force (Moopanar & Allen, 2006). While this
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method gives viable fibres, it requires a three hour dissection limiting the number of fibres
one can test in one day. For E,, to be measured with microelectrodes, a long-term objective
in this laboratory, a major problem arises because it is a delicate procedure that often leads to
membrane damage and premature fibre death; i.e. a large amount of time can be consumed in
dissecting single fibres instead of E,, measurement. While separating single fibres following
a collagenase digestion also takes three to four hours of preparation, it yields hundreds of
fibres. This improves the capacity to do E;, measurements as well as allowing for more
selection of good, viable fibres to study. It also allows for immediate access to replacement

fibres should a fibre become damaged or lost during an experiment.

Most studies that have used a collagenase digestion to separate fibres measured ion
channel activity under membrane patch clamp. Very few used such fibres to study E, Ca’",
or contractility. More importantly, since the very first publication by Bekoff (Bekoff & Betz,
1977), little has been done in testing and documenting the viability of these fibres; so one

aim of this study was to optimize the isolation of single fibres via collagenase digestion.

In regard to the culture medium for the digestion, studies have used both MEM (Pye,
2007) and DMEM (Lindinger et al., 2011). In this study, the use of MEM resulted in the
largest number of fibres with good morphology and contractility. This result was surprising
because DMEM contains a higher glucose concentration and a greater variety of nutrients
than MEM (Appendix 1). The difference in effects cannot be explained from the results of
this study. FBS was also important. The complete absence of FBS during the digestion
resulted in most fibres being damaged or supercontracted at the end of the digestion period.
At the time of this study, it was general practice to use 10% FBS during a collagenase

digestion in MEM. Elevated concentrations of FBS in the physiological solution, such as
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10%, presented an obstacle, as higher FBS content caused the formation of bubbles and foam
during the O,:CO, bubbling of the physiological solution. So, as a first test, 0.2% (v/v) FBS
was used. The presence of 0.2% (v/v) FBS in the superfusing physiological solution during
measurements also improved the contraction thresholds for fibres, as well as enhancing the
recovery from fatigue. Recent E;, studies have shown that the optimal FBS concentration in
the physiological solution is between 0.2% and 1% FBS (Hesse and Renaud, unpublished

results).

The protective effect of FBS on single fibres during fatigue cannot be fully explained
by the results of this study. It is known that addition of serum to cells in culture activates a
transcription factor named serum response factor (SRF). SRF acts on numerous genes
including skeletal and cardiac a-actin (Miwa & Kedes, 1987;Muscat et al., 1988), a- and -
myosin heavy chain (Molkentin et al., 1996;Huang et al., 1997), troponin (Wang et al.,
1994), tropomyosin (Toutant ef al., 1994), creatine kinase (Vincent ef al., 1993), and SERCA
(involved in cellular Ca*" modulation) (Baker et al, 1998). Since SRF regulates
transcription when cells are stressed (Avantaggiati ef al., 1993), it is likely that FBS may act

via SRF to improve the survival during the isolation protocol.

The final protocol, as determined by this study, involves a three hour collagenase
digestion of FDB muscles in MEM culture medium containing 10% FBS. The fibres are then
placed on glass coverslips covered with a thin coat of Matrigel™. After mounting the
coverslip into a chamber, single FDB fibres are superfused with physiological solution

containing 0.2% (v/v) FBS.
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Viability of single FDB fibres after a collagenase treatment

After developing the protocol, it was important to determine the viability of fibres.
One important factor in the contractility of these fibres was the speed at which fibres were re-
heated from room temperature to 37°C, after placing the cover slip in the chamber and the
latter in the microscope. It proved important to ensure a gradual re-heating of fibres from
room temperature. Using progressive heating to 37°C yielded fibres that were stable for at
least three hours if studied on the same day as the preparation. The next question is whether
these fibres have contractile characteristics in line with expectations derived from fibres in
whole muscle preparations. For this, three characteristics of single fibres were studied and
compared to whole muscle: (1) contraction threshold; (2) stimulation frequency — sarcomere
shortening relationship; and (3) recovery following fatigue. Finally, characteristics of the
single fibres isolated by the current protocol were compared to mechanically dissected single
fibre preparation, as well as compared to single fibres isolated by the collagenase digestion

method, used previously in this laboratory.

Tetanic contractions were triggered in single FDB fibres with stimulation strength as
low as two V, and the number of contracting fibres increased as stimulation strength was
increased, reaching a maximum by 10 V. FDB bundles generate small force at stimulus
strength of two V. The amount of force increases as stimulation strength increases reaching a
maximum at eight V (Cifelli et al., 2008); the increase in force being due to more fibres
being recruited at higher stimulation strength. Single fibres prepared in a collagenase
digestion have similar contraction threshold to that observed in mechanically dissected FDB

fibres or FDB bundles.
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Force of whole muscle is also a function of stimulation frequency increasing in
magnitude from 0 Hz to 150 Hz (Place ef al., 2009). The increase in force is in part because
fibres have more time to generate force and because of higher tetanic [Ca’]. More
importantly, testing at 37°C shifts the force — frequency curve to higher frequencies because,
at 37°C, Ca>" ATPases pump Ca’" more rapidly into the SR; i.e. at a given frequency, tetanic
[Ca®); is more elevated at lower temperature. While force was not measured, extent of
shortening was also a function of frequency. This is because as the sarcomere shortens, the
thin filaments come into contact and the Z lines touch the thick filaments, resulting in an
increase in resistance that needs to be overcome by an increase in force production. The
higher frequency results in higher tetanic [Ca*']; and greater force production. The greater
force produced then gives rise to more shortening. The shift in shortening — stimulation
frequency relationship towards higher frequencies as a result of heating from 25°C to 37°C in
single fibres is in agreement with a similar shift for the force — frequency relationship in

whole muscle.

A hallmark of viable single fibre preparation for the study of fatigue is that they fully
recover following fatigue, as is observed for whole muscle or mechanically isolated single
fibres (Cifelli et al., 2007). During fatigue, there is a decrease in the extent of shortening as
force decreases, and a decrease in resting length as unstimulated [Ca®']; increases. The fibres
obtained from the preparation used in this study fully recovered their capacity to shorten, as

well as their original resting length within 10 min of recovery following fatigue.

FDB fibres isolated via collagenase digestion in MEM containing 10% FBS behaved

2
+]i

similarly to mechanically dissected single FDB fibres in terms of [Ca kinetics,

contractility, and response to changes in stimulation frequency (Moopanar & Allen, 2006).
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Fibres isolated in this study were compared to fibres isolated in previous studies. The fibres
in this study displayed better morphology and contractility properties to others obtained by
similar means (Bourassa, 2007). In wild type control single FDB fibres, fatigue kinetics
were similar between single fibres prepared by Bourassa and this study. In fibres with
reduced Karp channel activity, due to exposure to glibenclamide or isolated from a genetic
knockout for Kir6.2 gene, in the Bourassa study, there were large increases in unstimulated
and tetanic [Ca”"]; observed with fibres often losing capacity to contract before the end of the
fatigue protocol, often due to supercontraction of fibres. In the current study, while [Ca*'];
transients and kinetics were similar to those of Bourassa, there were less instances of fibres
skipping contractions or stopping contracting completely before the end of a fatigue protocol.
Furthermore, there were no supercontractions observed due to fatigue. This improvement is
possibly due to the exclusive study of fibres on the same day of dissection and isolation (day
0), in the current study, compared to testing on the day following dissection and isolation
(day 1), in the Bourassa study (Fig. 3.7-8). The reduced effect of fatigue on fibres in this
study compared to those of Bourassa are likely due to the addition of 0.2% (v/v) FBS to the

superfusing physiological solution. Without FBS in the physiological solution, effects of

fatigue were more severe.

Overall, isolation of FDB single fibres following a collagenase digestion provides a
large number of single fibres with normal morphology and contractility. In the future, it
would be very interesting to repeat the measurements done in this study and determine the
fibre types of fibres, to gain insight into the effects of fibre type on characteristics and

behaviour during fatigue.
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Role of K,1p channel, L-type Ca”®" channel and ROS during fatigue

Unstimulated and tetanic [Ca*"];: wild type control fibres

Major differences in the changes in unstimulated and tetanic [Ca®']; during fatigue at
37°C were observed among wild type FDB fibres tested under control conditions. These
control fibres ranged from the most fatigue resistant fibres, for which post-fatigue tetanic
[Ca®"]; varied from 0.11-0.51 pM above pre-fatigue levels, to the least fatigue resistant fibres,
for which tetanic [Ca®]; decreased by 0.09-1.40 uM during fatigue. FDB muscles primarily
express myosin type I, IIA and IIX fibres (Banas et al., 2011). However, FDB fibres
expressing myosin type I also co-express either myosin type IIA or IIX, giving rise to type I-
ITA (6%) and I-1IX (8%) fibres, as opposed to pure type I fibres. The most common fibre
types in FDB are types [TA-IIX (32%), IIA (19%) and 1IX (21%). It is suggested that the
most fatigue resistant wild type FDB fibres observed in this study are the type I-IIA (and
perhaps I-1IX) fibres, because fibres expressing myosin type I are slow-twitch fibres with low
myosin ATPase activity and high oxidative capacity (Pellegrino ef al., 2003). It is also being
suggested that the least fatigue resistant fibres are type IIX, because type IIX fibres are fast
twitch fibres with high glycolytic capacity (and low oxidative capacity) (Pellegrino et al.,
2003). Type IIA and type IIA-IIX most likely make up the intermediately fatigue resistant

fibres, since type IIA are fast twitch fibres with a high oxidative capacity.

In a previous study on fatigue at 25°C also using single FDB fibres, the time for the
force to decrease by 70% was measured (Lannergren & Westerblad, 1991). Of a total of 26
fibres, that time ranged between four and seven min for 19 (73%) fibres while only three

12%) fibres had time exceeding 12 min, being highly fatigue resistant. It thus appears that
g
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the differences in fatigue kinetics between fibres in this study are much greater than
previously reported. There are two possible reasons for such differences. First, the
stimulation protocols are different. In the Lannergren & Westerblad study, the time interval
between contractions is initially 4 sec, and is reduced by 1 sec every two min until it reaches
an interval of 1 sec between contractions. In this study, the time interval between
contractions was maintained at 1 sec for the entire duration. However, most of the decrease
in tetanic [Ca*"]; and force in the Lannergren & Westerblad study starts when the interval
between contractions becomes 1 sec. It is therefore unlikely that the differences between the

two studies are mainly related to the difference in stimulation protocol.

Another basis for this difference is experimental temperature; being 37°C in this
study and 25°C in the other. The depressive effects of acidic pH, inorganic phosphate, and
K" are less significant at the near-physiological temperature of 37°C than they are at lower
temperatures (Debold et al., 2006;Westerblad et al., 1997;Pedersen et al., 2003). Also,
metabolic demand is much higher at 37°C (Barclay, 2005), and performing experiments at
this temperature would serve to better emphasize the differences in fatigue kinetics between
highly glycolytic and highly oxidative fibres. Another consideration is that muscle
temperature during exercise greatly exceeds 37°C (Fuller et al., 1998;Gonzales-Alonso et al.,
1999). Interestingly, Cifelli et. al 2001 argued that studies on muscle fatigue should be

carried out at 37°C.
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Unstimulated and tetanic [Ca®"];: contractile dysfunctions in Krp_channel deficient FDB

fibres

Blocking Ktp channels with glibenclamide drastically alters fatigue kinetics in terms
of tetanic [Ca”'];, as previously reported (Cifelli et al., 2007;Cifelli ez al., 2008). That is, the
decrease in tetanic [Ca*']; and the increase in unstimulated [Ca®"]; during fatigue were much
greater than those of control fibres. Initial studies using EDL and soleus have reported
similar fatigue kinetics between Kir6.2” and glibenclamide-exposed wild type muscles
(Gong et al., 2000;Gong et al., 2003). However, three differences were observed when
smaller muscle preparations were used (Cifelli e al., 2007;Cifelli et al., 2008). Firstly, the
decreases in tetanic force of small FDB bundles during fatigue, while greater in Ks1p channel
deficient muscles than in control, were smaller in Kir6.2" than in glibenclamide-exposed
fibres. Secondly, the same situation was observed for the decreases in tetanic [Ca*’]; in
single FDB fibres. Furthermore, a sudden and drastic decrease in tetanic [Ca®"]; occurred
over a 10 sec period during fatigue, when glibenclamide was present in both wild type and
Kir6.2”" fibres; but this decrease was not observed in Kir6.2™" fibres in the absence of
glibenclamide. Thirdly, Kir6.2" FDB muscle had a reduced capacity to recover force during

fatigue when glibenclamide was present, compared to when it was not.

In this study, we still observed greater decreases in tetanic [Ca*']; in Karp channel
deficient fibres compared to control, but the differences between Kir6.2”" and glibenclamide-
exposed wild type fibres were much greater than what was observed in Cifelli’s studies.
While a direct comparison in fatigue kinetics, in which force is measured in FDB bundles
and tetanic [Ca']; in single fibres, must be done with caution, the fact remains that the results

of this study better explain the differences in the force decreases observed during fatigue
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between the two models of Katp channel deficiency. Perhaps, in this study, the single fibre
preparation was much better than in Cifelli’s studies, because we carried out our
measurements the same day fibres were prepared, as opposed to the following day. Another
reason is that in this study the physiological solution contained 0.2% (v/v) FBS. These are
two changes in protocol that significantly improved the viability of the single fibre
preparation. Taken together, this suggests that the decrease in tetanic [Ca®']; and force
during fatigue is enhanced in the absence of Karp channel activity, but to a larger degree
when glibenclamide is used to block Karp channels than when the channel activity is

abolished by genetic means.

Glibenclamide-exposed wild type fibres had significantly larger increases in
unstimulated [Ca®"; during fatigue than did control fibres, as previously reported (Cifelli et
al., 2007;Cifelli et al., 2008). Such increases in tetanic [Ca®]; also explain the large
increases in unstimulated force observed during fatigue in glibenclamide-exposed FDB
bundles. Contrary to the previous studies, we found no large increases in unstimulated
[Ca*); in Kir6.2™" fibres. In fact, they were not different from those of wild type control
fibres. At first, this seems to be in agreement with the above conclusion regarding tetanic
[Ca2+]i, i.e. that the extent of the contractile dysfunctions in Ksrp channel deficient fibres is
less in Kir6.2” than it is in glibenclamide-exposed fibres. However, it does not explain the
fact that the increase in unstimulated force during fatigue in Kir6.2” FDB bundles is as high

as it is in glibenclamide-exposed FDB bundles.

One possibility for these discrepancies originates from a fundamental difference
between bundle and single fibre preparation. As discussed by Cifelli et al., FDB bundles,

while very small, still are large enough to result in a central hypoxic core during fatigue, at
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37°C. With single fibres, this problem is eliminated, and perhaps the large increases in
unstimulated [Ca®"}; and force are greater when O, availability is impaired. In support of this
hypothesis is the fact that severe fibre damage occurs during treadmill running in Kir6.2™"
mice (Thabet et al., 2005). This is likely due to a lack of channel activity that does not only
occur in skeletal muscle, but also in cardiac and diaphragm muscles, for which fibre damage
has also been reported; the net effect being a reduced blood flow and O, delivery to limb

muscles.

Another important consideration is that the use of glibenclamide acutely abolishes
Kartp channel activity, whereas Kir6.2™" represents a chronic loss of Katp channel activity;
i.e., Kir6.2" muscles may develop some compensatory mechanisms that allow them to better
face a fatigue challenge, as long as there is a good O, delivery, but fail if the fatigue

challenge is associated with decreases in O, availability.

A third possibility is glibenclamide specificity. There is currently no evidence that
glibenclamide affects other ion channels than the K,rp channel, when muscles are unfatigued
and at rest (Pedersen et al., 2009). However, a recent study has demonstrated large increases
in membrane conductance when muscles are repetitively stimulated. Using 9-AC, a CIC-1
CI" channel blocker, it was shown that = 76% of the increased membrane conductance was
due to an activation of the CIC-1 Cl' channels, and such an increases is expected to also
increase the K'-induced force depression (i.e., fatigue). The remaining increase in membrane
conductance of =~ 24% is then believed to be related to an activation of K channels.
However, the addition of glibenclamide resulted in a decrease in membrane conductance
greatly exceeding 24% (Pedersen et al., 2009). While this suggests that part of the increase in

membrane conductance is related to an activation of Katp channels, which reduces action
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potential amplitude also causing fatigue (Gong et al., 2003), it raises the question as to
whether glibenclamide or 9-AC remains specific to their ion channels when fibres are in a
fatigued state. Considering the discussion above, and that contractile dysfunctions are
greater when glibenclamide is present, we suggest that perhaps glibenclamide also affects
CIC-1 channels, at least when fibres are in a fatigued state. This then implies that an increase
in both Ksrp and CIC-1 channel activity is important in preventing fibre damage and
contractile dysfunctions during fatigue. Further studies will be necessary to determine if

glibenclamide does indeed block CIC-1 channel activity in fatigued fibres.

Not all fibres depend on the K sp_channel for myoprotection

An important aspect of our findings is the difference in fatigue kinetics between
fibres. That is, not all fibres were affected by a deficiency in Karp channel activity, whether
caused by an exposure to glibenclamide or by gene knockout. Some fibres with reduced
Karp channel activity had a fatigue resistance comparable to the most fatigue resistant fibres
under control conditions, displaying no net, or small (<15%) decreases in tetanic [Ca2+]i.
While repetitive stimulation of EDL fibres eventually leads to large increases in Katp and
CIC-1 channel activity, this is not the case in soleus muscle. The lack of any increase in
activity is most likely because soleus expresses type I and IIA fibres. The high oxidative
capacity of these fibres likely resulted in the stimulation protocol never having created the
metabolic stress necessary for the activation of Karp channels. The same situation likely
occurred in this study. The oxidative capacity of the most fatigue resistant fibres is probably
elevated enough that the fatigue stimulation did not result in any major metabolic stress, and
therefore no activation of Katp channels, resulting in no observable glibenclamide effect. A

complete lack of Karp or CIC-1 channel activity is, however, unlikely, considering that in the
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most fatigue resistant fibre, the increase in unstimulated [Ca®"); occurred within 10 sec to 163
uM, compared to 100 sec in control fibres; i.e., a small increase in Katp channel activity at
the onset, as observed for an increase K~ conductance in the Pedersen study, may be
important for maintaining resting membrane potential, especially if there is a decrease in CI’

conductance first.

This is in agreement with the fact that fibres expressing myosin type I have the lowest
Karp channel content. Fibres expressing myosin type 11X are probably the most stressed
metabolically, and one would expect larger activation of Karp and CIC-1 channels in these
fibres, resulting in faster decrease in tetanic [Ca®']; in the presence of glibenclamide or in
Kir6.2" fibres. This also agrees with the fact that fibres expressing myosin IIX have the
largest Karp channel content among FDB fibres. Fibres expressing myosin type IIA would

then be the fibres with intermediate fatigue resistance

The increase in unstimulated [Ca*']; may not be all related to opening of L-type Ca*"

channels

In 2007, Cifelli et al. demonstrated that reduced Karp channel activity in FDB bundles
during fatigue resulted in large increases in unstimulated force due to a large increase in
unstimulated [Ca>"];. Then, in 2008, Cifelli et al. suggested that the K xrp channel is crucial in
preventing excessive Ca®” influx through L-type Ca®" channels. Their conclusion was based
on the fact that many fibres depolarize to -30 mV during contraction, an E,, at which Ca*
channels are active (Gramolini & Renaud, 1997;Baczko et al., 2004). Finally, they showed

that one pM verapamil, a known Ca*" channel blocker (Gallant & Goettl, 1985) abolishes the
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increase in unstimulated force that is developed between contractions in Karp channel

deficient muscle.

In this study, there were no differences in mean unstimulated or mean tetanic [Ca®"];

between wild type control fibres, and glibenclamide-exposed wild type fibres, before fatigue.
During fatigue, however, there was a much larger increase in unstimualted [Ca®']; in
glibenclamide-exposed fibres than there was in control fibres. Adding verapamil to the fibres
that were also exposed to glibenclamide had the effect of abolishing this large increase in
unstimulated [Ca*']; during fatigue. This study, therefore, supports Cifelli’s suggestion that

2
+]i

the increase in unstimulated [Ca*']; is due, at least partially, to an influx of Ca*" through L-

type Ca®" channels during fatigue, in these fibres.

Cifelli et. al also showed that Karp deficient FDB bundles also had a more rapid rate
of fatigue in addition to the elevated unstimulated force. In this study, there was a larger
initial increase in tetanic [Ca*']; in glibenclamide-exposed fibres, followed by a more rapid
and larger decrease than observed in control fibres, with more fibres losing capacity to
contract or produce tetanic [Ca®™];, than control fibres. Treating glibenclamide-exposed
fibres with verapamil reduced the magnitude of the initial increase in tetanic [Ca'];, as well
as the extent to which tetanic [Ca®"]; was reduced during fatigue. Verapamil treatment also
reduced the number of fibres that stopped contracting altogether. These results in line with

expectations based on force recordings obtained in the Cifelli study.

In a recent study, evidence was provided that an overload of Ca*" may not be entirely
due to L-Type Ca’" channels (Gariepy-Boudreault, 2010). The study showed that NAC, a

ROS scavenger, also prevents the large increase in unstimulated force in the same way as
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verapamil. The hypothesis in the current study was that “the increase in resting [Ca®");
during fatigue in Karp channel deficient muscles starts with an excess Ca" influx through L-
type Ca®" channels (Phase 1, Fig. 4.1), followed by an excess ROS production that causes a
further increase in resting [Ca®']y” (Phase 2, Fig. 4.1). For this to be correct, in fibres
exposed to glibenclamide and NAC, there should be an initial increase in tetanic [Ca®']; with
the added activation of L-type Ca®" channels, but the increase would be expected to be
between control and glibenclamide-exposed fibres because the increase related to ROS
would not occur as the latter are scavenged by NAC. However, NAC had the effect of
reducing unstimulated [Ca®']; and reducing the rate of fatigue; i.c., the data did not support
the hypothesis. However, fibres concomitantly treated with glibenclamide and NAC did not
experience the initial increase in tetanic [Ca®']i observed with fibres under control,
glibenclamide or glibenclamide/verapamil conditions. This suggests that NAC somehow
reduced Ca”" release during contraction in single FDB fibres. The reduced tetanic Ca*" may
have reduce the Ca" that needed to be pumped back into the sarcoplasmic reticulum between
contractions; and this may have been sufficient to prevent the expected rapid increase in

unstimulated Ca>" associated with an influx through L-type Ca*" channels (Fig. 4.1).

Since ROS was not measured in this study, it is not possible to know whether the
NAC effects involved a reduction in ROS production or some other effects of NAC. Future

studies will be necessary to clarify this issue.
Conclusion

In conclusion, in this study, an improved protocol was developed for the isolation of

viable FDB single fibres and application of these fibres for [Ca®];and sarcomere shortening
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measurements. Karp channel deficient FDB single fibres obtained by this method were then
used to study unstimulated and tetanic [Ca’']; during fatigue. This study has provided
evidence that not all fibres are K5rp channel dependent, and that the genetic model for Katp
channel deficiency may allow for compensatory mechanisms to develop, making the effects
of reduced Krp channel less severe. This study confirms that blocking L-type Ca’" channels
with verapamil reduces the elevated unstimulated [Ca2+]i during fatigue in Karp channel
deficient FDB fibres which is responsible for the increase in unstimulated force in FDB
muscle during fatigue. This study also found that NAC had similar effects to verapamil,
suggesting a role of ROS. 1t is still possible that there are other factors that may be
contributing to the elevated [Ca2+]i levels observed during fatigue in Karp channel deficient
FDB fibres, independent of L-type Ca®’ channels. Further studies will be necessary to fully

elucidate the role of ROS.
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Figure 4.1
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Figure 4.1. Factors causing the large increase in unstimulated [Ca2+]i in K 1p channel
deficient FDB single fibres during fatigue. The first increase (Phase 1) starts with the
activation of L-type Ca®" channels as the sarcolemma depolarizes as reported by Cifelli et al.
(2008). It was hypothesized that an increase in [Ca*']i then leads to increases in ROS levels
causing further increases in [Ca*'];. (Phase 2). However, NAC prevented large increases in
tetanic [Ca’']; at the onset of the fatigue stimulation and may have helped preventing the
large increase in unstimulated [Ca*'];. Symbols: blue line, events for which there is evidence
(Cifelli et al., 2008, this study); green line: events for which no evidence has so far been

obtained.
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APPENDIX 1

Table A.1: Minium essential medium (MEM) formulation (EAGLE et al., 1959)

Components Molecular Concentration mM
Weight (mg/L)
Amino Acids
L-Arginine hydrochloride 211 126 0.597
L-Cystine 2HCI 313 31 0.099
L-Glutamine 146 292 2
L-Histidine hydrochloride-H20 210 42 0.2
L-Isoleucine 131 52 0.397
L-Leucine 131 52 0.397
L-Lysine hydrochloride 183 73 0.399
L-Methionine 149 15 0.101
L-Phenylalanine 165 32 0.194
L-Threonine 119 48 0.403
L-Tryptophan 204 10 0.049
L-Tyrosine disodium salt dihydrate 261 52 0.199
L-Valine 117 46 0.393
Vitamins
Choline chloride 140 1 0.00714
D-Calcium pantothenate 477 1 0.0021
Folic Acid 441 1 0.00227
Niacinamide 122 1 0.0082
Pyridoxal hydrochloride 204 1 0.0049
Riboflavin 376 0.1 0.000266
Thiamine hydrochloride 337 1 0.00297
i-Inositol 180 2 0.0111
Inorganic Salts
Calcium Chloride (CaCl2) (anhyd.) 111 200 1.8
Magnesium Sulfate (MgSO4) (anhyd.) | 120 97.67 0.814
Potassium Chloride (KCI) 75 400 5.33
Sodium Bicarbonate (NaHCO3) 84 2200 26.19
Sodium Chloride (NaCl) 58 6800 117.24
Sodium Phosphate monobasic 138 140 1.01
(NaH2PO4-H20)
Other Components
D-Glucose (Dextrose) 180 1000 5.56
Phenol Red 376.4 10 0.0266
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Table A.2: Dulbeco’s modified eagle medium (DMEM) formulation (DULBECCO &

FREEMAN, 1959)
Components Molecular Concentration mM
Weight (mg/L)
Amino Acids
Glycine 75 30 0.4
L-Arginine hydrochloride 211 84 0.398
L-Cystine 2HCI 313 63 0.201
L-Glutamine 146 584 4
L-Histidine hydrochloride-H20 210 42 0.2
L-Isoleucine 131 105 0.802
L-Leucine 131 105 0.802
L-Lysine hydrochloride 183 146 0.798
L-Methionine 149 30 0.201
L-Phenylalanine 165 66 0.4
L-Serine 105 42 0.4
L-Threonine 119 95 0.798
L-Tryptophan 204 16 0.0784
L-Tyrosine disodium salt dihydrate 261 104 0.398
L-Valine 117 94 0.803
Vitamins
Choline chloride 140 4 0.0286
D-Calcium pantothenate 477 4 0.00839
Folic Acid 441 4 0.00907
Niacinamide 122 4 0.0328
Pyridoxine hydrochloride 206 4 0.0194
Riboflavin 376 0.4 0.00106
Thiamine hydrochloride 337 4 0.0119
i-Inositol 180 7.2 0.04
Inorganic Salts
Calcium Chloride (CaCl2) (anhyd.) 111 200 1.8
Ferric Nitrate (Fe(NO3)3"9H20) 404 0.1 0.000248
Magnesium Sulfate (MgSO4) (anhyd.) | 120 97.67 0.814
Potassium Chloride (KCI) 75 400 5.33
Sodium Bicarbonate (NaHCO3) 84 3700 44.05
Sodium Chloride (NaCl) 58 6400 110.34
Sodium Phosphate monobasic 138 125 0.906
(NaH2PO4-H20)
Other Components
D-Glucose (Dextrose) 180 4500 25
Phenol Red 376.4 15 0.0399
Sodium Pyruvate 110 110 1
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